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Lay summary
Pressure and temperature are two important thermodynamic parameters, which tune the phys-
ical properties of materials, such as mechanical, electrical and magnetic properties. New ma-
terial behaviours can be discovered during the exploring of the ranges of the pressure and the
temperature. For example, some superconductors have been found at the temperatures over
250 K under high pressures. Besides the new material property discoveries, the combination
of the extreme pressure and temperature conditions is also important in the understanding of
material behaviours.
There are three main challenges of the extreme condition techniques used in the material prop-
erty measurements. The first one is to broaden the pressure and the temperature range of the
measurements. It is helpful to explore the new material properties existing at more extreme
conditions. Another challenge is to improve the signal to noise ratio of the experiment data.
The sample volumes in the high-pressure experiments are usually quite small compared to the
high-pressure cells, which are used for generating high pressure conditions. Therefore, the
obtaining of the signal data from the small sample volume is essential for the further valid
analysis. Furthermore, the measurements of the accurate pressures and temperatures are also
important and challenging, because the correspondence between the material properties and
the exact conditions is the key to understand the materials, and the it is difficult to measure the
condition parameters due to their extremes.
In order to overcome the challenges in extreme condition techniques, two high-pressure cells
and one multichannel collimator were constructed in this research, by using 3D metal printing
technology and finite element analysis method. 3D printing technology allows the maximum
design freedom of the components to construct the miniaturized high-pressure cells and the col-
limator, improving the signal-to-noise ratio of the high-pressure low-temperature X-ray diffrac-
tion experiment data. Finite element analysis method is used in the analysis of the stress states
in the pressure cell components under extreme loads and the optimization of the high-pressure
cell designs to achieve higher pressure conditions. In addition, the 3D printed stainless steel
316L has a much higher tensile yield strength compared to the wrought one, which secures a
further improvements of the pressure upper limits generated in the high pressure cells.
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Abstract
The study of matter at extreme conditions is of great interest for modern science. Pressure,
which is one of the important thermodynamic parameters, has a strong influence on the physical
properties of matters, such as magnetic properties, electrical properties and optical properties.
Apart from its fundamental importance in terms of understanding interactions on the atomic
level, pressure is also important in practical applications such as synthesis of new materials. The
demand for novel high-pressure instruments is constantly growing for high-pressure researches
in physics, chemistry, geology, biology and engineering. However, conventional manufacturing
methods cannot always satisfy the design requirements and high pressure achievements of the
high-pressure cells. The main topic of this thesis focuses on design and construction of several
high-pressure instruments using recent developments in rapid prototyping and finite element
analysis techniques for high-pressure research.
The first development presented in this thesis is a novel miniature high-pressure diamond anvil
cell constructed using 3D micro selective laser sintering technique. This is the first application
of 3D metal printing technology to construct high-pressure apparatus. The cell is compact and
specifically designed for the use as an X-ray diffraction cell that can be fitted with commercially
available diffractometers and open-flow cryogenic equipment to collect data at low temperature
and high pressure. During its use, it is fully enclosed by the flow of cryogenic gas and the frost
does not form on the optical windows of the cell because of its small size and full enclosure by
the gas flow, which enhances the data quality from X-ray diffraction. The cell is clamped using
a customized miniature buttress thread of 7 mm diameter and 0.5 mm pitch enabled by 3D mi-
cro selective laser sintering technique. Such dimensions are not attainable using conventional
machining. The buttress thread was used as it has favourable uniaxial load properties allowing
for higher pressure and better anvil alignment. A finite element analysis study has been con-
ducted to simulate the stress distribution in buttress threads and to compare the performance
of the cells with the customized buttress thread and the standard triangle thread. It demon-
strates that stress is distributed more uniformly in the former. This FEA modelling was used
to custom-design the dimensions of the thread. Rapid prototyping of the pressure cell by the
laser sintering resulted in a substantially higher tensile yield strength of the 316L stainless steel
(675 MPa compared to 220 MPa for the wrought type of the same material), which increased
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the upper pressure limit of the cell. The cell is capable of reaching pressures of up to 15 GPa
with 600 µm diameter culets of diamond anvils. Sample temperature and pressure changes on
cooling were assessed using X-ray diffraction on samples of NaCl and HMT-d12.
The second development presented in this thesis is a 3D printed tungsten collimator which
improves the data quality in the X-ray diffraction (XRD) experiments at synchrotron radiation
facilities. The data processing is challenging due to the low signal-to-noise ratio with the use of
diamond anvil cells. The main background noise in diffraction data is the Compton scattering
from opposed diamond anvils. It is difficult to distinguish such noise and subtract it from the
diffraction spectrum profile because its profile varies with changing pressures and temperatures.
Besides, the signal from samples is quite weak due to the small sample volume in diamond
anvil cells. In order to improve the signal-to-noise ratio for high-pressure synchrotron XRD
experiments, a novel multi-channel collimator has been designed and constructed using the
selective laser melting technique. This is the first 3D printed multi-channel collimator for high-
pressure synchrotron XRD research. This device can block most of the noise from surrounding
materials and improve the signal-to-noise ratio significantly. A mathematic model has been
developed in this thesis to evaluate the signal-to-noise ratio with the use of the collimator, by
calculating the solid angle integration across the defined diffraction volumes. Based on the
mathematic model, a series of simulations have been conducted to clarify the influences of
key parameters on the performance of the collimator and find out the optimum multi-channel
collimator design.
In addition to the XRD studies, some significant information about the material properties can
also be obtained from neutron scattering, e.g. the magnetic properties. In order to obtain
information from high-pressure neutron scattering research, a piston cylinder high-pressure
cell with an electrical feed-through plug has been developed and tested in this thesis. The
design of the electrical feed-through allows the use of manganin pressure gauge, which enables
the pressure measurement in the sample volume in situ during the cell loading. This pressure
measurement method, instead of the use of transitions, is quite convenient to save time during
the neutron scattering experiments. The accuracy of the pressure measurements with the use
of manganin pressure gauge is excellent for both room- and low-temperature high-pressure
neutron scattering experiments. A FEA model has been built to simulate the stress distributions
in the cell parts. The sample volume of the cell is as large as 400 mm3 and the maximum load
of the cell is designed for the pressure generation up to 1.2 GPa.
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This chapter provides the general knowledge of high-pressure instrumentation, X-ray diffrac-
tion and inelastic neutron scattering techniques. In addition, additive manufacturing technology
and finite element analysis method are introduced as the methodologies used in this thesis. The




Pressure is a fundamental thermodynamic parameter, which can profoundly alter the atomic
and electronic structure of matters, leading to the variations of the material properties and
behaviours [1–3]. As the research area about high pressure and the combination with other
extreme conditions, high-pressure science focuses on the effects of high pressures on materi-
als and the developments of devices which can create high pressures for the research [4, 5].
The start of modern high-pressure science can be traced back to the early 1900s when Percy
Bridgman started his research on the material properties under high pressures and invented a
new leak-proof fitting with an unsupported area within the pressure-seal packing to generate the
maximum static pressure of 2 GPa of that time [6]. Also, he developed the first opposed-anvil
high-pressure device, capable of generation static pressure of 5-10 GPa [7]. The invention of
the opposed-anvil device is regarded as a revolution of high-pressure science and technology.
In 1946, Bridgman received the Physics Nobel Prize for his contributions and pioneering works
in high-pressure science.
In physics, pressure (P ) is defined as the force (F ) applied perpendicular over the per unit area
(A):
P = F/A (1.1)
Based on the principles of pressure generation methods, there are two types of high pressures
used in high-pressure research: dynamic and static. Dynamic pressures are mainly created
by shock-wave techniques, in which extreme pressures up to 50 TPa can be achieved in mi-
croseconds or even picoseconds [8]. Dynamic ultra-high pressures are usually used in studies
of equations of state (EOS) of materials under extreme pressures and temperatures, mecha-
nisms of impacts and explosions, new material synthesises and aerodynamics. Static pressures
are generated in a smoothly loading process, which is an isothermal compression. Currently,
the maximum static pressure obtained in laboratory was reported above 750 GPa [9]. Static
extreme pressures are widely used in the studies of the material structures, properties and be-
haviours under static high pressures and a range of temperature conditions. In comparison with
dynamic pressures, static pressures can be kept in high-pressure cells for a much longer time
and the controls of the static pressure and temperature conditions are independent and easier.
However, the maximum static pressures can be achieved is lower than the dynamic pressures
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and the cost for static pressure cells is more expensive.
Figure 1.1: Schematic view of a piston cylinder cell.
For the generation of static pressures, there are mainly three types of high-pressure cells used
in laboratory: piston cylinder cell (PCC), opposed anvil cell and multi-anvil press. Figure 1.1
illustrates two basic piston cylinder cells. In these cells, high pressures are generated by the
compression of the piston. This type of cells has a relatively large sample volume and it is
always used under 5 GPa. Another type of the high-pressure cells is the opposed anvil cell
(Figure 1.2). The pressure is generated within the sample volume by the compression of two
opposed anvils. The anvils are usually constructed with the use of strong materials, such as
tungsten carbide, diamond or sapphire. Due to the use of high strength materials for the anvils
and the small area of the anvil culets, pressures over 10 GPa in small sample volumes can
be easily achieved. Among the opposed anvil cells, diamond anvil cell (DAC) is the most
popular type of high-pressure cells, as diamond has the highest strength in nature and it is
optical accessible to most rays. The principle of multi-anvil press is similar to the opposed anvil
cell, while it has more anvils with regular polyhedron geometries (Figure 1.3). The working
pressure of a typical multi-anvil press is usually lower than 30 GPa with the use of tungsten
carbide anvils, and the sample volume is about several cubic millimeters [11]. However, with
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Figure 1.2: Schematic view of an opposed anvil cell.
Figure 1.3: Schematic view of a multi-anvil press [10].
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the use of nano-polycrystalline diamond anvils, a pressure of 125 GPa can be achieved in the
multi-anvil press [12]. Multi-anvil presses are mainly used for new material synthesises under
high pressures and high temperatures.
The main objectives in this thesis are to develope several high pressure cells and auxiliaries for
static high-pressure research, break the limits from existing high-pressure instruments and push
back the boundaries of high-pressure science.
1.2 X-ray diffraction and inelastic neutron scattering techniques
The interactions of radiation with matters, especially the scattering processes, are always used
to study and identify the electronic and atomic structures of materials under high pressures [13].
In principle, there are two types of scatterings: elastic scattering and inelastic scattering, ac-
cording to whether there is an energy and momentum exchange during the scattering process.
In elastic scattering process, the radiations are treated as a classic wave, which does not gain or
lose energy on scattering. However, in wave-particle duality view, waves can also be described
as particles which may gain or lose kinetic energy when they collide with the scattering object,
and this is the inelastic scattering process. Both elastic and inelastic scattering processes can
provide information of matters to researchers.
Figure 1.4: Schematic illustration of Bragg’s law. λ is the wavelength of the incident rays, d is
he distance between atom planes and θ is the angle of the diffracted rays.
X-ray diffraction (XRD) is one of the elastic and coherent scattering processes. X-rays are
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electromagnetic radiations (photons) with constant velocity c = 3× 108 m/s. They are used to
measure electron density distributions within matters as they are much more sensitive to charge.
As shown in Figure 1.4, this diffraction process is a consequence of interference between X-
rays reflecting from different atom planes. The condition of the constructive interference is
described by Bragg’s law:
nλ = 2dsinθ (1.2)
where n is a positive integer known as the order of the diffracted beam, λ is the wavelength of
the incident X-rays, d is he distance between atom planes and θ is the angle of the diffracted
X-rays. The interplanar d-spacing, which is related to the lattice parameters, can be deter-
mined according to the Bragg’s equation. There are two ways of scanning through the vari-
ous d-spacings: angle-dispersive diffraction using radiation of fixed λ while varying 2θ, and
wavelength-dispersive diffraction (also called energy-dispersive diffraction) where the detector
angle 2θ is fixed while the wavelength is systematically varied. Both these two methods are
widely used in XRD studies.
Inelastic neutron scattering (INS) is a process in which neutrons are scattered by the samples
with energy and momentum exchanges. In comparison with X-rays, neutrons are more sensi-
tive to atomic nuclei and unpaired spins. As a result, it has the advantages for the magnetic
structure measurements and low-Z element nuclei measurements. The information of matters
can be obtained by the energy distribution analysis of the scattered neutrons after the energy
and momentum exchanges between the incident neutrons and the samples. Since the flux of
neutron beams is weaker than X-ray or electron beams, a relatively large amount of sample is
necessary for neutron scattering measurements and therefore, it is mainly used for studies of
condensed matters. The high-pressure instruments developed in this thesis are mainly used for
X-ray diffraction experiments or inelastic neutron scattering experiments.
1.3 Additive manufacturing technique
Additive manufacturing (AM), also known as 3D printing or rapid prototyping, is a set of tech-
niques that build 3D objects by adding layer-upon-layer of materials. The materials for additive
manufacturing processes can be of widely varying types, including metals, plastics, ceramics,
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concretes or even biological tissues. AM is highly flexible, customizable and versatile and can
break the most of the limits imposed by the conventional subtractive manufacturing methods
in design and manufacturing processes [14, 15]. The advantages of AM, such as the freedom
of design, complex structure construction, mass customization and fast prototyping are quite
suitable and necessary in high-pressure instrumentation developments for specific research re-
quirements. However, as AM techniques are new and developing manufacturing methods, there
are few reports about the applications of AM techniques on high-pressure research. In this the-
sis, the applications of AM techniques on high-pressure instrument developments are explored
and studied to break the design and construction limits to the high-pressure instrument devel-
opments imposed by conventional machining methods.
1.4 Finite element analysis modelling
Finite element analysis (FEA) modelling is applied in this thesis as a numerical technique for
solving the displacement and stress equations of bodies. The displacements and stresses at any
locations of a structure can be calculated using FEA simulations when a load is applied. This
method is especially effective and accurate when irregularities of shape, material or load are in-
troduced to the structure. FEA method is widely used in industry, for calculating the behaviour
of such structures which are too complicated to be analyzed by hand. FEA becomes an essen-
tial part of the process of designing engineering structures and components. The results of FEA
simulations are used to determine whether displacements or stresses are within acceptable lim-
its. In high-pressure cell design processes, FEA simulations are of particular importance as the
cells always work close to their material strengths to create the extreme conditions. Therefore,
FEA technique, accompanied with computer aided design (CAD) modelling, is used in this
thesis to simulate the mechanical behaviours of the high-pressure cells under extreme loads,
predict the failure modes and evaluate the maximum pressures that can be generated in the
cells.
1.5 Objectives
The overall objectives of this thesis are to develop high-pressure instruments for XRD or INS
research under the extreme pressures, using AM techniques and FEA simulations. The follow-
ings are the research areas of focus:
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• To develop a novel miniature diamond anvil cell for X-ray diffraction at cryogenic tem-
peratures manufactured by 3D printing process.
• To develop a compact 2D multi-channel collimator for synchrotron X-ray diffraction
constructed by 3D printing technique.
• To develop a piston cylinder cell with an electrical feed-through plug for inelastic neutron
scattering research.
1.6 Thesis layout
This thesis consists of nine chapters outlined as follows:
Chapter 1: Introduction
This chapter introduces the general context of high-pressure instrumentation, X-ray diffraction
and inelastic neutron scattering techniques, AM technique, FEA simulation, the objectives and
the layout of this thesis.
Chapter 2: Literature Review
This chapter reviews the existing designs of the diamond anvil cells and collimators for X-ray
diffraction research, and the designs of the piston cylinder cells for inelastic neutron scattering.
Pressure transmitting medium and pressure measurement methods used at high-pressure low-
temperature conditions are also described in this chapter.
Chapter 3: Additive Manufacturing Technology
This chapter focuses on AM techniques, especially selective laser sintering (SLS) method and
selective laser melting (SLM) method, in order to provide a basic understanding of the princi-
ples of AM technology. The AM materials, AM characteristics and AM potential applications
in high-pressure science are also discussed in this chapter.
Chapter 4: Stress Analysis and Finite Element Analysis
This chapter describes both the principles of stress analysis and the simulation method behind
high-pressure cell designs. The first part of this chapter focuses on the theory of elastic me-
chanics, especially the principle of massive support, which is the fundamental principle of the
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anvil’s design. The second part gives a brief introduction of FEA simulation method and its
applications on the design of high-pressure cells.
Chapter 5: A Novel Diamond Anvil Cell for X-Ray Diffraction at Cryogenic Temperatures
Manufactured by 3D Printing
This chapter presents a new miniature high-pressure diamond anvil cell, which is designed
and constructed using 3D micro selective laser sintering (MLS) technology. This is the first
application of the use of rapid prototyping technology to construct high-pressure apparatus. The
design and construction process are described and discussed in this chapter. FEA simulations,
pressure test and crystallography test are performed to evaluate the performance of the DAC.
Chapter 6: A 2D Multi-Channel Collimator for Synchrotron X-Ray Diffraction at High
Pressures Manufactured by 3D Printing
This chapter presents a 3D printed tungsten collimator which improves the data quality in the
XRD experiments at synchrotron radiation facilities. A mathematical model has been devel-
oped in this thesis to evaluate the signal-to-noise ratio with the use of the collimator, by cal-
culating the solid angle integration across the defined diffraction volumes. The design and the
performance simulations of the collimator are also discussed in this chapter.
Chapter 7: A Piston Cylinder Cell with an Electrical Feed-Through Plug for Inelastic
Neutron Scattering
This chapter presents a piston cylinder cell with an electrical feed-through for INS experiments.
The sample volume of the cell is about 400 mm3 and the load capacity of the cell is designed to
generate pressures up to 1.2 GPa. The design of the plug with an electrical feed-through allows
to measure the sample pressure in situ during the cell loading. The performance of the cell is
confirmed by FEA simulations and experimental loading tests.
Chapter 8: Summary
This chapter summarises the work performed in this thesis, and highlights significant achieve-
ments in this PhD research.
Chapter 9: Conclusions and Future Developments
This chapter describes the conclusions of the research and discusses further potential develop-




This chapter provides a review of low temperature equipments and diamond anvil cell develop-
ments for X-ray diffractions at low temperatures, the collimator designs for high pressure X-ray
diffractions at synchrotron radiation facilities, and the typical piston cylinder cell designs for
inelastic neutron scattering studies, which are the main focuses in this thesis. The introduction
and review of pressure transmitting media and pressure measurement methods are also included




2.1 Diamond anvil cell for X-ray diffraction experiments at low
temperature
Hydrostatic pressure, in company with temperature, are two important thermodynamic parame-
ters, that influence the micro structures and physical properties of the most materials. Exploring
high-pressure and cryogenic-temperature conditions helps to discover the phase changes of the
materials such as crystal structure transformations and superconducting transitions [16]. There-
fore, the studies of science under extreme conditions have generated considerable interest [1].
The development of high-pressure techniques and cryogenic instruments, combined with mod-
ern X-ray diffractometers, offers plenty of benefits for material science research at extreme
conditions. As a powerful tool in crystallography studies, X-ray is widely used to determine
the crystal structures of the materials under extreme conditions because the wavelengths of X-
rays are similar to the interplanar spacings of the materials so the interplanar spacings can be
detected using X-ray diffraction results according to the Bragg’s law [17]. Compared to syn-
chrotron radiation facilities, in-house X-ray diffractometers are more convenient for researchers
to use as the use of the synchrotron radiation facilities is highly limited. At the meantime, with
the development of the X-ray diffractometer techniques, its performances, such as the stabil-
ity, sensitivity and accuracy are becoming better and better. In order to use in-house X-ray
diffractometers for the studies of matters under extreme conditions, the requirements for high-
pressure instruments and refrigeration systems, which can be matched with the modern X-ray
diffractometers, are necessary.
2.1.1 Existing refrigeration options
The first low-temperature crystallography study was reported in 1912, based on the develop-
ment of the low-temperature techniques in the early 1900s [18]. Then in 1917, the cooling
methods were firstly adapted for low-temperature XRD studies [19]. After about 100-year de-
velopment of low-temperature techniques, the refrigeration apparatus for X-ray crystallography
are becoming more efficient, more stable and more easily commercially available, and the range
of the temperatures can be obtained from Kelvin to ambient temperature.
When a low temperature device is introduced into the X-ray diffractometer, the data loss of the
X-ray diffractions should be minimized. The data loss caused by the cooling method is mainly
from the limits of the diffraction angles imposed by the installation of the cooling device and
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the reduce of the beam intensity because of the refrigerating medium. Therefore, in order to
get the optimum performance, the refrigerators are always designed for specific temperature
ranges.
According to the functions of the cryogenic components, the refrigerator system consists of
three parts: provision for cooling the sample, control and measurement of the temperature and
frost prevention [20]. In general, the samples can be cooled down by cold gas stream, by a
thermal conductor which is in contact with a cold junction or by the immersion into the cold
liquid. The use of cryogenic gas stream is the most popular method for cooling samples for
commercial coolers. The cryogenic gas stream is generated by the boiling of liquid nitrogen
or helium, or by the compressed dry air which passes through a heat exchanger. Then the cold
flow goes out from a tube over the samples. The temperature of the cold flow can be different
according to its origin. For example, the cooler can offer a temperature range of 80 K - 400 K
with the use of liquid nitrogen. However, the temperature range can be as low as 28 K if the
flow is generated with a liquid helium [21]. The temperature of the sample table is usually
measured by a thermocouple, which is connected to a potentionmeter. And the temperature can
be controlled by mixing the cold gas with warm one or by heating up the cold gas with a heater.
The stability of the temperature variation can be as low as 0.1 K in some commercial cryogenic
instruments [21].
The advantages of the gas stream cooling method are that it is relatively easy to set up and
it has minimum absorption of X-rays compared to conduction and immersion methods. The
immersion method has the absorption problem because of the cold liquid around the high-
pressure cell. And also, the temperature of the cold liquid is not as easy to be adjusted as the
cold gas and it is always kept consistent.
Although the absorption of X-rays is low with the use of gas stream cooling method, the disad-
vantages of this method are that the consumption of the cryogen is relatively large, and it has
the frost formation problem (Figure 2.1). The cold gas always comes out from the tube over the
sample and the efficient cooling down area is dependent on the diameter of the tube. Outside
the cold gas stream, the water vapour in the surrounding air will be transformed into ice because
of the low temperature of the cold stream. And the ice on the path of the incident beam and
the diffracted beams will produce a noise on the spectrum. Therefore, the size of the overall
pressure cell is preferred to be minimized. In order to prevent the frost formation around the
pressure cell, especially on the path of the X-ray beam, an outer concentric flow of warm and
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Figure 2.1: Frost formation around a Merrill-Bassett DAC at 208 K after 1 hour cooling.
dry gas is usually used as a shield to prevent the atmospheric moisture from freezing around
the samples or the high-pressure cells. The inner and outer streams together form a laminar
flow system, in which the gas moves at the same speed and along the same direction without
the crossover of gas streams [22]. However, the outer dry stream diameter of the commercial
dry unit is only about 10 mm due to the technical limits. It restricts the size of the pressure cell,
otherwise the part outside the dry stream gets icing.
2.1.2 Existing diamond anvil cell designs for X-ray diffraction experiments at
low temperature
Because the single crystal diamond has the highest hardness in nature and it is transparent to
X-rays, the diamond anvil cells became one of the major scientific applications of diamonds.
DACs can generate high pressure in a sample located between the culets of the two opposed
diamond anvils and can be used in XRD experiments to determine the atomic or molecular
structure of a crystal under high pressures. Also, because the size of the DAC is relatively
smaller than other types of high-pressure cells, it is easier to cool the samples down to low
temperatures due to the lower heat loose and faster temperature equilibrium. Therefore, DAC
is quite an important and suitable tool for high-pressure and low-temperature XRD research.
Diamonds were firstly used in high-pressure XRD study in 1950, by Lawson and Tang [24].
13
Literature Review
Figure 2.2: Diamond anvil cell for X-ray powder diffraction constructed by Jamieson et
al. [23]. A-base, B-dovetail slide, C-screw, D-cylinder, E-plug, F-carboloy insert,
G-anvil, H-carboloy block, I-movable piston, J-plug, K-Solar piston.
In that experiment, the pressure was generated by compressing a piston against a diamond
with a drilled hole. Later in 1959, a diamond anvil high-pressure cell was constructed at the
National Bureau of Standards by Wier et al., using a pair of type II diamonds [25]. The load
is applied on the diamonds by a screw and a lever and the maximum pressure obtained by
this device is 3 GPa. Meanwhile, another DAC was described by Jamieson et al., from the
University of Chicago [23]. In this device, the load is applied on a pair of conical diamond
pistons by a threaded plug, generating a pressure up to 3.5 GPa (Figure 2.2). Both cells are used
in high-pressure lateral X-ray diffraction experiments, without using any gaskets or pressure
transmitting medium (PTM) between the opposed diamond anvils. Due to the lack of gaskets
and PTM, the pressure generated between the anvils is not homogeneously distributed and it
is not hydrostatic. These factors have a complex effects on the behaviour of the materials and
make it difficult to study the intrinsic properties of materials under complex stress state.
In 1965, Van Valkenburg introduced the metal gasket with a drilled hole into the DAC [3, 5].
The use of gasket was a big step forward in the developments of DACs and it is the key to
generate a hydrostatic pressure within DACs. As shown in Figure 2.3, the gasket hole offers
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Figure 2.3: Hydrostatic pressure generation by using compressible metal gasket and pressure
transmitting medium.
a sample cavity where the samples and the PTM can be placed. Due to the use of pressure
medium, the pressure gradient in the samples or in the pressure medium is significantly reduced
and a purely hydrostatic pressure onto the samples can be obtained. Also, the gasket between
the opposed diamond anvils gives a protection and a buffer to the diamonds, making a better
gradual stress distribution in the diamonds, ultimately improving the pressure limit achieved in
DACs. Besides, the use of gasket offers a chance to study viscosity measurements, chemical
reactions, structure determinations of molecular species in solutions under high pressures.
Figure 2.4: Cross-section of a Bassett DAC [26]. A-diamond anvils, B-stationary piston, C-
sliding piston, D-driver screw, E-collimator, F-film cassette, G-cassette mounting
rods, H-cassette translating bars.
In 1967, a new DAC named Bassett cell was reported by Bassett et al. [26]. This cell was de-
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signed for XRD and optical observation of crystalline solids. The maximum pressure obtained
is up to 30 GPa, which is achieved by using a simple piston screw device to apply loads on the
opposed diamond anvils. The overall size of the Bassett cell is relatively small compared with
previous DACs. As shown in Figure 2.4, the two diamonds have different culet size, 1.8 mm
and 0.3 mm, in order to generate a higher pressure. The rockers for mounting the diamond
anvils are used, which would permit translational as well as angular adjustments. The use of
the rockers also contributed to the better stress distribution in diamond anvils and avoiding the
stress concentration at the edge of the culets, and therefore, improving the pressure upper limit
between the anvils. Due to the simple structure and the easy use of this type of DACs, Bassett
cell and its modifications are widely used in high-pressure X-ray diffraction experiments. In
1984, a modified version of Bassett cell was described by Kobayshi, for optical studies at low
temperature [27]. A pair of conical bellows is used in this design in order to apply and release
the load more smoothly with externally controlled helium gas. The advantage of this modifica-
tion is that the pressure can be changed remotely, without disturbing the cryostat at operating
temperature. And the heat leakage through the helium gas capillary is minimized in compari-
son with other mechanical linkages such as screw and lever system for variable pressures at low
temperatures. The pressure of 26 GPa in this cell was confirmed at the temperature of 77 K.
Figure 2.5: Cut-away view of megabar cell (MBC) [28]. 1&2-rockers, 3-cylinder, 4-piston.
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Several years after the invention of Bassett cell, a series of megabar DACs (MBC) were con-
structed by Mao and Bell, for research at pressures in the range of 50-170 GPa [28]. For
generating pressures in this range and above, the alignment of the diamond anvils is critical. In
the basic design of MBC, presented in Figure 2.5, the two diamond anvils are mounted in the
precisely lapped piston and cylinder to ensure that the load is applied along the centreline of
the anvils. A pair of rockers, the same as the rockers in the Bassett cell, are used in the MBC as
the second alignment mechanism. The cylinder and the piston are compressed by a screw and a
lever assembly in order to apply the load force smoothly. Each of the variations of the MBCs is
optimized for mechanical stability and strength with different XRD experimental requirements.
The construction of the MBC has significantly improved the maximum pressures, reaching the
megabar range, which can be applied to a wide range of physical or chemical experiments on
the nature of matter.
Figure 2.6: Diagram of Merrill-Bassett diamond anvil cell [29]. 1-stainless steel platens, 2-
beryllium disks, 3-Inconel gasket, 4-diamond anvils.
Although the DACs mentioned above can be used in high-pressure XRD experiments, a spe-
cialized diffraction equipment and a relatively high cost are needed due to the sizes and shapes
of these DACs. In order to set up the DAC on a standard goniometer head, a more compact
DAC named Merrill-Bassett cell was constructed by Merrill and Bassett in 1974 [29]. In this
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simplified and more compact design (Figure 2.6), the diamonds are glued on two small opposed
plates, which are pulled together by three screws rather than pushing them by a piston screw.
No independent alignment mechanism is applied in this design, such as the use of rocker in
Bassett cell. The alignment of the diamond anvils is not supposed to be quite important at
pressures up to 2.5 GPa, with the use of a compressible gasket. However, the alignment has to
be adjusted for achieving higher pressures. This cell can be mounted on a standard goniometer
and meet the space requirements of a standard precession camera and the single crystal orienter
as well. Furthermore, the opening angle of this device is up to a maximum of 100◦, which
enlarges the range of signals from the crystals that can be collected. The invention of Merrill-
Basset cell offers more convenience for researchers to conduct high-pressure experiments with
commercially available X-ray diffractometers and cryogenic equipment.
Figure 2.7: Schematic view of brilliant cut (left) and Boehler-Almax (right) diamond
anvils [30].
In these early DAC designs, the shapes of diamond anvils are brilliant or modified brilliant.
The anvils are supported by the tungsten carbide plates with a conical opening at the centre.
Large table diameter of the plates is required for the large diamond windows because of the
limited shear strength of the seat material. And that results in anvils with 3-4 mm diameter
and 0.25-0.4 carat weight typically. Due to the relatively large size of the diamonds and the
seats, the improvements of the overall sample volume, aperture size, absorption of X-rays by
the diamonds and the stability are called by researchers. In 2004, a modified design of the
diamond anvil was presented by Boehler and Hantsetters [30]. The new diamond anvil design
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(Boehler-Almax anvil) has a conical shaped support, as shown in Figure 2.7. Compared to
the conventional anvil design, Boehler-Almax anvil offers a similar pressure range and sample
volume, whereas the anvil size can be significantly decreased. The typical diameter of Boehler-
Almax anvil is 2-3 mm with 0.05-0.2 carat weight. Also, the Boehler-Almax anvil has excellent
alignment stability, hence the specific alignment adjustment unit is not necessary in this design.
In addition, this anvil provides a larger aperture and reduces the cost due to the remarkable
decreased diameters of the anvils.
In 2008, an implementation of tungsten carbide seat and Boehler-Almax anvil into a Merrill-
Bassett DAC was reported by Moggach et al. [31]. This design combines the advantages of
Merrill-Basset cell and Boehler-Almax anvil, which removes the need for beryllium backing
seats and then the troublesome beryllium powder lines from diffraction images. Meanwhile,
the pressure range, sample volume and the opening angles can be maintained as well.
The strengthening and miniaturization of the pressure cells are more convenient for conducting
high-pressure low-temperature research because cooling down a smaller amount of material is
much easier. The cooling speed and the temperature equilibrium between the sample and the
cryogenic media is faster. Furthermore, the miniature pressure cells reduce the risk of icing
which is on the way of the incident and diffracted beams, which decreases the background
noise in the diffraction spectrum.
2.1.3 Mechanical properties of materials at low temperatures
The materials with a relatively high strength are preferred to be used in constructing high pres-
sure cells because higher loads can be applied on, leading to the generation of higher pressures
in the sample volume. However, the mechanical properties of materials at low temperatures
should be studied before cooling the cells down. Some materials become brittle at low tempera-
tures and should be avoided to be used for the high-pressure low-temperature cells. Fortunately,
most materials used in high-pressure cells remain plastic enough at low temperatures, and the
plasticity of some materials even goes increasing with lowing the temperature [5]. For iron and
low-alloy steels, the brittleness increases at low temperature. However, the addition of Cr, V,
Mo and especially Ni improves the plasticity of steels, as well as small-grain structures. The
plastic properties of many alloys are not affected when they are cooled down. The high-strength
alloys, such as Al, Cu, Ti and Ni alloys are widely used at cryogenic temperatures, based on
matrices having face centred cubic structures. Copper beryllium (CuBe) alloy and NiCrAl alloy
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are especially suitable for constructing high-pressure low-temperature cells, because these two
alloys have a high strength and an increasing plasticity when they are cooled down to cryogenic
temperatures. In addition, they can even remain in nonmagnetic state at liquid helium temper-
atures. Some pure metals are also used in DAC constructions. For example, pure beryllium is
always used as the material for the seat of diamond anvils because of its transparency to X-rays
and relatively high strength. The majority of pure metals becomes harder at low temperatures,
but their plasticity is still good to be used in most high-pressure applications.
2.1.4 Discussion
There are different DAC designs, including the cell bodies and the diamond anvils, developed
for a variety of experimental requirements. These customized DACs are constructed for the aim
of increasing the pressure range, improving the experimental accuracy and sensitivity, making
the ease of combination with other experimental conditions, as well as improving the conve-
nience of the experimental setup [17]. For the XRD experiments at high-pressure and low-
temperature conditions, the miniaturization of the DAC, appropriate pressure range generation
by the anvils and the gasket, and low background noise from the DAC and the refrigerating
medium are important design criteria in this project.
2.2 Collimator for high-pressure synchrotron X-ray diffraction
The performance of the synchrotron radiation (SR) light sources has been highly improved
with the development of synchrotron radiation techniques during recent decades. As a major
focus in the science at extreme conditions, high-pressure research has been benefited from the
improvements of the synchrotron radiation sources, such as high brilliance, high flux, good par-
allelity, polarization, time structure of pulses, phase coherence and high stability of rays [32].
The synchrotron radiation has a wide continuous energy spectrum, including the rays from in-
frared rays to X-rays. X-rays, especially with the wavelength lower than 1 Å, are mainly used
in high-pressure experiments. The high-pressure condition for synchrotron X-ray diffractions
is principally generated by diamond anvil cells. Besides the advantages of optical transparency
of the diamond anvils, higher pressures can be generated by the diamond anvils compared to
other opposed anvil cells or other types of high-pressure cells. Although the sample volume of
DACs is smaller than the volumes in other cells, it is enough for the well-focused synchrotron
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radiation X-rays which has a high flux. The combination of synchrotron radiation and DAC
then contributes a lot to the development of high-pressure research.
Although the details of the sample structures can be detected with the strong synchrotron radi-
ation X-rays, the background noise from the environment surrounding the samples cannot be
neglected, especially in high-pressure research. The sample dimensions in high-pressure cell
is quite small and the weak scattering of the samples will be overcome by the scattering from
the surrounding materials which are always larger than the sample volume. In high-pressure
experiments, the main contaminations of the diffraction are the Compton scatterings from the
opposed diamond anvils or the gaskets, depending on the incidence direction, and the scat-
terings from the surrounding PTM, as well. This background is difficult to be distinguished
and subtracted from the diffraction spectrum profile because the background profile varies with
changing pressures and temperatures. One way to reduce the background is decreasing the
thickness of the diamond anvils [33], so that the Compton scattering from the diamond anvils
will be reduced. However, the new design of the diamond anvil will also reduce the maximum
pressure of the cell due to the smaller supporting area between the seat and the diamond anvil.
And the scattering from the PTM keeps the same. Another method to minimize the background
is using a sharp collimator, which is allowed by the high brilliance of the synchrotron radiation.
The collimator between the sample and the detector can only accept the diffractions from the
samples, excluding the backgrounds from the diamond anvils and the PTM.
Different types of collimator designs can be applied in order to suit different diffraction meth-
ods. For the energy-dispersive X-ray diffraction (EDX) method, a set of Soller slits can be
placed at the fixed diffraction angle 2θ. Soller slits are a set of parallel metal blades which
compose a series of slits between the blades. The performances of the Soller slits are highly
relative to the geometry, the material and the fabrication method. Ideally, the slits should be
uniformly thin and the blades should be precisely located and highly absorbing [35]. EDX
method is especially effective when synchrotron radiation is used, which can provide a wide
range of X-ray energy. However, it is difficult to require accurate intensities with this method.
The diffracted X-Ray intensity corrections are needed for the energy dependence of the X-
ray source, the response of the detector and the energy dependence of the sample absorptions,
which varies with the pressure changing [36–38]. These corrections are difficult to be de-
termined in practice. Moreover, the exposure time for EDX method is relatively longer than
the alternative method, the angle-dispersive X-ray diffraction (ADX) method. Apart from the
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Figure 2.8: Schematic diagram of a collimator and the incident beam viewed along the go-
niometer axis [34]. Dsample-the sample diameter, d-the thickness of the mono-
bloc, r1,2-distance between the sample and the inner/outer mono-bloc, S1-the
X-ray beam diameter, w1,2-slit width at the entrance/exit of the collimator, 2θ-
diffraction angle, Ψ-angle that can pass through the slit from some point of the
sample.
shorter exposure time, ADX method does not require the corrections because the X-ray inten-
sities are not energy dependent. Due to the easy use and time saving of the ADX method, it
becomes more and more popular in high-pressure synchrotron radiation experiments. However,
rather than the fixed angle collimation in EDX, the simultaneous collimation of all 2θ range is
required for the diffracted rays in ADX. Therefore, a multi-channel collimator or a set of Soller
slits with an angle dependent blade distribution is indispensable to block the diffractions from
the diamond anvils and PTM (Figure 2.8).
2.2.1 Design challenge
Conventional Soller slits consist of a set of parallel metal sheets, which results in a series of
parallel sharp slits. These parallel slits can only collimate the diffracted X-rays at a fixed angle.
For the application on ADX method, the Soller slits should be distributed circularly around the
sample in order to collimate all the diffracted rays in the range of 2θ. All the slits are required
to be oriented to the sample centre, instead of being parallel to each other. The width of the
slits and the thickness of the metal blades are dependent on the sample volume and the required
signal-to-noise ratio. The blades are usually made from heavy metals, such as tungsten, lead, or
other alloys which can absorb X-rays effectively. Due to the small sample volume in DAC, the
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precise construction and angular alignment of the blades are important and challenging, which
determine the performance of the Soller slits directly.
2.2.2 Designs of 1-dimensional Soller slits
Figure 2.9: Schematic sketch of the MCC [34]. A-entrance slit block, B-exit slit block, C-rib,
D-base plate.
The first collimator for high-pressure experiments was designed by Yaoita et al. in 1997 [34].
This optic device, called multi-channel collimator (MCC), was specifically developed to the SR
ADX diffraction using a cubic type multi-anvil press. The multiple channels, or the multiple
slits, are constituted by a mono-bloc with a set of slit cuts, which has a radial alignment with
the centre at the rotation centre of the goniometer. The blades are made from an alloy of
lead, antimony and tin, which is able to absorb the X-rays effectively. As Figure 2.9 shows,
the MCC consists of the entrance slit block (A), the exit slit block (B), the rib (C), the base
plate (D) and the cover plate. A mathematical model was built to determine the influence
of the MCC’s geometric parameters on the signal-to-noise ratio. According to this model,
longer channels and more narrow slits would result in a higher signal-to-noise ratio, while the
signals from the sample would be reduced. Based on the calculations and the compromise
between the manufacturing technique limits and the theoretical optimization, the slit width at
the entrance of the MCC was chosen as 0.1 mm with a height of 2 mm, while the slit width
at the exit was 0.3 mm with a height of 8 mm. This MCC was then applied for measuring
the diffraction profile of liquid sodium and liquid gallium under pressures and the background
was reduced to a quarter, with a slight decrease of the signal peaks from the samples. In 2002,
the MCC was optimized for the use of Paris-Edinburgh press (PE press) at beamline ID30
of European Synchrotron Radiation Facility (ESRF), by Mezouar and his colleagues [39]. The
overall dimensions of the MCC was adapted to the geometry of the PE press, while the slit width
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was kept the same as the Yaoita’s design. The slit blocks were made from tantalum, which is a
heavy metal with a high X-ray absorption coefficient, and they were machined precisely using
the wire electro-erosion method. These two MCCs are both for diffraction data collimation of
liquid and amorphous materials at high pressures and the performances are verified by several
experiments.
However, the minimum slit width achievable in mono-bloc design is limited by the machin-
ing techniques. In order to reduce the background and improve the performance of the MCC
device further, the width of the slits is needed to be decreased. In 2011, another MCC was de-
veloped by Morard et al. at the high pressure beamline ID27 of ESRF, for the Paris-Edinburgh
press [40]. Rather than the mono-bloc design, the smaller slit size was achieved by using a set
of precisely machined tungsten carbide blades, which were inserted on a high precision stain-
less steel framework. The inner slit width was reduced from 100 µm to 50 µm, while the outer
slit width was fixed to 300 µm, which was thought to be sufficient to ensure a good signal-to-
noise ratio. Based on the improvements of the manufacturing method for the MCC, a smaller
sample volume can be used with the proper collimation of the surrounding backgrounds.
In 2013, the MCC was firstly applied to the ADX experiments in the DAC by Weck et al..
The MCC design was modified for the use of the DAC at ID27 of ESRF, instead of the PE
press [41]. The most obvious difference for the collimation between the DAC and the PE press
is that the sample volume in the DAC is much smaller than it in the PE press, which makes it
more difficult to block surrounding backgrounds. Therefore, in this MCC design, the outer slit
width was modified down to 200 µm instead of 300 µm to optimize the signal-to-noise ratio,
and other parameters were kept the same as the multi-blade MCC for the PE press. Due to the
reduced slit width, the MCC can be used for smaller sample size as it in DACs. This research
also indicated that the slits have a better spatial selectivity at higher diffraction angles which
means a better signal-to-noise ratio can be expected at higher 2θ. This MCC-DAC configuration
was then verified and used with the samples of argon and hydrogen fluids.
For now, the MCC designs based on the Soller slit concept has done excellent performance
in collimating the scattered X-rays and improving the signal-to-noise ratio to achieve more
accurate and more clean XRD patterns. However, this design can only block the Compton
scatterings in the planes which are normal to the slits. In other planes, especially the planes
parallel to the slits, there is few collimation effects on the scatterings from the surrounding
materials. Therefore, a 2D collimator for SR ADX experiments, which can cover the area of
24
Literature Review
the 2D detector, is expected to be developed.
2.2.3 Designs of 2-dimensional multi-channel collimator
The most important advantage of a 2D MCC is that it can collimate the scatterings in a 2D
area, instead of only one direction. It is able to block the environmental scatterings from any
point with any direction surrounding the sample volumes. As a result, the signal-to-noise ratio
in high-pressure SR ADX experiments can be improved a lot with the use of a 2D MCC in
comparison with the 1D MCC. The difficulty of constructing a 2D MCC for high-pressure
XRD research is the controlling and machining of the channel size of the MCC for the small
sample volumes in DACs and the overall geometry CAD modelling.
Figure 2.10: Schematics of the honeycomb collimator [42]. (a) Section, perpendicular to the
collimator length; (b) single foil with the half-hexagonal profile for the mechani-
cal mounting of the collimator.
Based on the design concept of the 2D MCC, a honeycomb collimator was designed and con-
structed by Petrillo et al. in 2002 for thermal neutrons [42]. This collimator is placed before the
sample to produce a beam with small divergence. The honeycomb collimator was fabricated
from aluminium foils which were shaped to a half-hexagonal profile and then joined together
to form the overall honeycomb section (Figure 2.10). The collimator is 400 mm long with the
channel diameter of ∼7 mm and ∼6 mm at the entrance and the exit of the collimator, respec-
tively. The aluminium collimator is coated by 0.01 mm thick gadolinium oxide as the absorber.
Although this collimator is not for high-pressure SR ADX experiments, the design concept and
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the processing technique are worth considering in the design of 2D collimator for high-pressure
XRD experiments.
With the development of additive manufacturing technology, its superiority of the flexible ge-
ometry building is perfectly suitable for the construction of 2D collimators. The complex ge-
ometry of the 2D MCC is difficult to be machined by conventional subtractive manufacturing
method. In 2004, Zhong et al. reported a collimator manufactured by SLS method, for an out-
space hard X-ray modulation telescope [43]. The MCC was made from tungsten nickel alloy.
This MCC is a relatively large device with the length of 307 mm and the slit width of about
30 mm, which is too large to be used in high-pressure XRD experiments.
Figure 2.11: Detector side of printed collimator, coated in Gd2O3 paint, and fitted to pressure
cell. The sample region can be seen through the collimator illuminated by the
laser used for manometry [44].
In 2015, a more compact 2D MCC was presented by Ridley et al. with the use of SLS technique
for high-pressure neutron scattering experiments at ISIS neutron source [44]. This device was
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made from 3D printed stainless steel 316L and then coated with gadolinium oxide, which was
used as a neutron absorption material (Figure 2.11). The channel width is 2 mm and 6 mm
at the entrance and the exit of the MCC, respectively, with the channel length of 60 mm. The
Monte Carlo simulation and online testing of the MCC show that the collimator drastically
reduces the background generated by the materials surrounding the sample. This device was
then tested using WISH instrument at ISIS neutron facility with the sample of the perovskite
SrTiO3. The raw data showed a clear reduction of intensity and number of parasitic Bragg
peaks from anvils. The 2D MCC is efficient to reduce the background in high-pressure neutron
scattering experiments. However, for XRD experiments using DAC, the channel size is required
to be decreased much further, due to the smaller sample volume in DACs.
2.2.4 Discussion
At present, the 1D MCC is widely used across beamlines for high-pressure research in syn-
chrotron radiation sources such as European Synchrotron Radiation Facility (ESRF), Advanced
Photon Source (APS), German Electron Synchrotron (DESY) and Super Photon Ring-8 GeV
(SPring-8). It is able to improve the signal-to-noise ratio for the high-pressure research with
small sample volumes, especially the samples in DACs. Nevertheless, the MCC constructed
with multi layers blades can only collimate the diffracted rays in one angular direction. For
the area detector, the diffracted rays along other directions, which are not normal to the blade
planes, cannot be collimated effectively. The elimination of this effect is especially important in
single crystal XRD experiments in which sample signals can be covered by background signals
more easily. The 2D MCC can solve this problem because it collimates the diffracted beams
from all angular directions and therefore improves the signal-to-noise ratio significantly. How-
ever, the channel sizes of the existing 2D MCCs are much larger than the slit widths of 1D
MCCs due to the manufacturing technique limits. As a result, existing 2D collimators cannot
be used for high-pressure XRD experiments in DACs at synchrotron facilities, which requires
smaller sample volume and then a corresponding channel size for the collimation.
2.3 Piston cylinder cell for inelastic neutron scattering
Inelastic neutron scattering (INS) is a technique for the studies of atomic and molecular motions
as well as magnetic and crystal field excitations [45]. It is a process where there is an exchange
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of the energy and the momentum between the incident neutrons and the samples, which makes
it distinguished from other neutron scattering techniques. Due to the limitation of the flux
of neutron sources, including reactor sources and spallation sources, a large sample volume
is required in high-pressure neutron scattering studies. Piston cylinder cells, which have the
advantage to provide a large sample volume under 3 GPa compared with other types of high-
pressure cells, are widely used in high-pressure INS research.
2.3.1 Materials
The choice of materials for the high-pressure cell constructions is crucial as it is the main
background noise source in neutron scattering experiments. The basic criteria for the material
selection are high strength, small neutron absorption and incoherent scattering, the absence of
neutron induced activation and low temperature compatibility [46]. The materials which are
usually used for the cell constructions are described as follows.
Copper beryllium alloy (CuBe), which contains Be of 2% in mass, is one of the most impor-
tant materials for both high-pressure cell constructions and gaskets. A high tensile strength of
1.4 GPa, which is comparable to high-strength steels, can be achieved after a fully heat treat-
ment hardening at 315◦C for 2 hours. And this alloy shows a good ductility even at low temper-
atures. Most importantly, high purity CuBe is a diamagnetic material which has a low magnetic
susceptibility and hence is suitable for magnetic measurements. CuBe alloy is commercially
available as standard rod or sheet format, such as BERYLCO 25 from NGK Berylco [47].
Ni57Cr40Al3 (NiCrAl), also known as the Russian alloy, is another promising alloy for high-
pressure cell constructions. The tensile strength of the heat treated NiCrAl is 2.2 GPa when
hardened to 50-55 HRC. The high-pressure cells for magnetic measurements can be constructed
using this alloy as it is nonmagnetic. This material was only available in the former Soviet
Union with small quantity until the successful reproduction in Japan in 2002 [48].
Aluminium alloys have an important role as the construction material for neutron research
because aluminium has a very low neutron absorption and incoherent cross section. They are
almost transparent to neutron beams as 1 mm thickness of pure aluminium attenuates only 1%
of the thermal neutron beam. This is the ideal property of the construction materials for high-
pressure cells for neutron scattering research. However, the strengths of the aluminium alloys
are not as high as CuBe or NiCrAl. As the strongest one in aluminium alloys, 7049A T6 has
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the tensile strength of 590 MPa. This limits the maximum pressure in the cell constructed using
Al-alloys. Aluminium alloys has an increase of tensile strength without loosing the toughness
at low temperatures. Therefore, the cells constructed with aluminium alloys can be used for a
relatively lower pressure range at cryogenic temperatures.
Other materials, such as TiZr, TiAl6V4 and CuTi can also be used in the high-pressure cell
constructions for neutron scattering research due to their relatively high tensile strength, non-
magnetic property, small neutron absorption and low temperature compatibility. However, the
application limits of these materials should also be noticed when they are used in high-pressure
applications.
2.3.2 Sealing mechanisms
Proper sealing methods should be applied in the piston cylinder cell designs to prevent the
leakage of the pressure medium and secure the high-pressure conditions. Among many sealing
mechanisms, there are three sealing methods which are well developed and popularly used in
piston cylinder cell designs.
Figure 2.12: A mushroom-type seal based on the Bridgman unsupported-area principle.
Figure 2.12 shows the classic example of the mushroom-type seal, based on the Bridgman
unsupported-area principle [6]. In this design, the force applied on the sealing washer from
the press is equal to the force applied on the piston head from the pressure medium. However,
since the contact area between the sealing washer and the piston is smaller than the contact
area between the piston and the pressure medium, the pressure in the sample volume is lower
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than the pressure in the sealing washer, according to the Equation 1.1. Therefore, the pressure
medium is well sealed in the sample volume with lower pressure by the compressed sealing
washer. The mushroom-type seal is usually used predominately at pressures below 3 GPa.
Figure 2.13: A wedge-type seal.
A wedge-type seal design is presented in Figure 2.13. At high pressures over the tensile strength
of the sealing ring material, the sealing ring flows into the gap between the piston and the
cylinder and reduces the unsupported area. The contact pressure between the sealing ring and
the cell parts is higher than the pressure in the sample volume and it prevents the leakage of the
pressure medium. It was reported that 350 maraging steel ring with the hardness of 56 HRC
worked well for 5 GPa and the CuBe ring with the hardness of 41 HRC for 2 GPa [5]. It should
be noted that the sealing ring does not work until a pressure of a few megapascals is applied on
it. Hence, an initial seal such as an O-ring should be used.
Figure 2.14: A typical immobile-type seal.
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Figure 2.14 illustrates a typical immobile-type seal for the PTM sealing at the plug end. It
works on the unsupported-area principle as well. The compression between the plug and the
cylinder makes the sealing ring deformed under a high pressure and this high pressure in the
sealing ring prevents the leakage of the PTM from the sample volume. This is a simple sealing
method. However, the pressure generated in the sealing ring by the pre-compression is difficult
to be controlled.
2.3.3 Existing piston cylinder cell designs for inelastic neutron scattering
In piston cylinder cells, the pressure is usually generated by applying the load on the piston
through an external press. Then, the pressure in the sample volume is locked mechanically by
a locking nut, by fixing the position of the piston. The material for the cell construction and the
sealing method depend on the experimental requirements for the cell.
Figure 2.15: Cross-sectional view of the piston cylinder cell 04PCL120CB5 from ILL [49].
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Figure 2.15 shows a piston cylinder cell design for neutron scattering with the maximum pres-
sure of 1.2 GPa and the sample volume of 400 mm3 [49]. The material for the cylinder
construction is fully hardened CuBe, which has a tensile strength of 1.4 GPa. There is a neck-
shaped design on the cylinder at the sample position to minimize the neutron attenuation by the
cell material. At the neck of the cylinder, the inner and outer diameters are 5 mm and 19 mm,
respectively. The cylinder is autofretted to improve the pressure limit. A sample capsule made
of aluminium and two copper seals are used in this cell to prevent the leakage of the pressure
medium while loading. The FluorinertTM is used as the pressure medium due to their small
incoherent scattering of neutrons [50].
Figure 2.16: Sketch and photo of the piston cylinder cell HPCC10-Al for inelastic neutron
scattering studies with key dimensions (in mm) [51]. 1-body(Al alloy B95T), 2-
jacket(Al alloy B96T), 3-liner(steel 45), 4-locking nut(steel 45).
Figure 2.16 presents a piston cylinder cell made of the aluminium alloy for inelastic neutron
scattering experiments [51]. Aluminium alloy has a very low attenuation of neutrons and there-
fore, it helps to improve the signal intensity from the sample. This cell provides the sample
volume of 2.5 cm3 (φ7× 70 mm3), which is a relatively large sample volume in high-pressure
research and is preferred in INS research. A compound cylinder design is used in this cell. The
interference between the two layers of the cylinder causes a contact stress in both layers. The
compressive stress in the inner layer by the interference improves the maximum pressure limit
in the sample volume. The maximum pressure achieved in this cell is 1 GPa.
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Figure 2.17: Cross-sectional view of the pressure cell assembly with key dimensions (in
mm) [52].
Another large volume piston cylinder cell for INS research is illustrated in Figure 2.17 [52]. The
double-layer cylinder is used in this cell to improve the pressure limit [5]. The inner cylinder
is made of NiCrAl alloy with the tensile strength of 2.1 GPa. Then, it is supported by the outer
cylinder made of fully hardened CuBe alloy. Both the materials are nonmagnetic. A plug with
an electrical feed-through is designed to allow the in situ pressure measurements with the use
of manganin pressure gauge. The cell has the overall dimensions of φ44 × 130 mm3, which
is compatible with most cryostats, closed cycle refrigerators and cryomagnets. The sample
volume of the cell is ∼425 mm3 (φ6 × 15 mm3) and the maximum pressure generated in the




In the piston cylinder cell designs, the material selection and the sealing methods used are
highly determined by the experimental requirements. A larger sample volume and a reduced
cell thickness are preferred in INS studies as the inelastic scattering signals from samples are
relatively weak. However, an increased sample volume reduces the pressure limits in the cell.
Therefore, a compromise between the sample volume and the maximum pressure has to be
made. The pressure in the cell can be measured by transitions or manganin pressure gauge,
while the latter one can be applied on the measurements with a more flexible pressure and
temperature range.
2.4 Pressure transmitting medium for low temperature experiments
With the invention of the gaskets for opposed anvil cells, it became possible to generate a
hydrostatic or quasi-hydrostatic pressure onto samples instead of a complex stress state, which
usually gives undesirable effects on the samples. In addition, the direct contact of the anvils and
the samples can cause a large shear stress which can break the samples. A hydrostatic pressure
can be achieved with the use of gas or liquid PTM, though they will eventually solidify at low-
temperature and high-pressure conditions. Solid medium with a low shear strength and a low
friction coefficient can also be used as a PTM to generate a quasi-hydrostatic pressure onto the
samples. Besides the generation of hydrostatic pressures at low temperatures, there are some
other requirements for XRD or INS experiments. One of them is that the PTM should have
high transparency to X-rays or neutrons. Also, the PTM must not react with the samples or be
activated by the beams. The availability and the cost of the PTM should be considered as well.
The choice of PTM is highly dependent on the specific requirements of the experiment. For
gas or liquid state samples, there is no need to use PTM because the pressure can be kept
hydrostatic by the sample itself. If the sample is in solid state, such as single crystal sample, a
PTM is necessary for the hydrostatic pressure generation. By far, helium is the most hydrostatic
medium. It solidifies at 12.1 GPa at 300 K, but it is still a relatively hydrostatic medium as solid
because of the weak shear strength of its crystals. And it is the best option for cryogenic works.
Due to the volume change under high pressure, a gas loader is needed to load the helium at
a cooled and pressurised state [5, 53, 54]. Another popular PTM is 4:1 mixture by volume of
methanol and ethanol (4:1 M-E mixture) because of its ease availability. Although 4:1 M-E
34
Literature Review
mixture vitrifies at 10.5 GPa at room temperature, it can keep a nearly hydrostatic pressure
up to 20 GPa [55, 56]. And its performance can be even comparable with helium at about
4 K. FluorinertTM liquids are usually used as PTM in INS experiments as they exhibit low
incoherent neutron scatterings [50]. Some commercial silicon oils can also be used as PTM, as
well as NaCl and MgO powders.
2.5 Pressure measurement at high-pressure low-temperature con-
ditions
It is important to measure the pressure values accurately for research under high-pressure condi-
tion. There are several different techniques which can be used for high-pressure measurements,
depending on the types of the experiment, the pressure range, the accuracy and the sample. For
example, as an electric resistance manometer, manganin wire is always used in piston cylinder
cells for pressure measurement under 3 GPa with the error no more than 0.5% [10, 57]. Its
electric resistance changes almost linearly against the pressure under 1.3 GPa.
Some first critical points of materials can also be used to determine the pressure at specific
temperature. When the phase transition occurs, the volume, the electric resistivity, the mag-
netism, or the optic properties may change a lot, which is easy to be measured or observed.
And because the critical point is corresponding to the specific temperature and pressure, then
the pressure can be known by observing the change of the physical properties of the material.
Equation of state (EOS) method is also widely used for the pressure measurements. As long as
the equation of state V = V (P, T ) is obtained, the pressure can be determined with accurately
measured temperature and volume. The EOS for NaCl, which is the most used and accurate
X-ray calibrant, is described by Decker et al. and then revised and extended by Brown et
al. and other researchers [58, 59]. The EOS of NaCl can be used to measure pressures up to
29.1 GPa, at which the phase transition occurs. Other EOS of solids such as CsCl, Al and MgO
are also reported and can be used for pressure measurements with their specific pressure and
temperature ranges [5].
Ruby fluorescence gauge is another important gauge which is commonly used in DAC for
pressure determination. Ruby fluorescence is a rapid method for precise pressure measurement
developed by Forman et al. in 1972 [60]. The principle of the method is that, the ruby R1
35
Literature Review
fluorescence line will be excited by high-intensity incident light and the shift of the R1 line
wavelength is dependent on the pressures. Therefore, the pressure in the sample volume can be
determined with the measurements of ruby R1 line wavelength. This method is convenient and
rapid for the pressure determination though an optical access is necessary, which is available
in DACs. The relation between the pressure and the R1 wavelength need to be calibrated
using other pressure gauges. Piermarini et al. calibrated the pressure dependence of the R1
ruby fluorescence line at 25◦C against the compression of NaCl [61]. Mao et al. used EOS
of Cu, Mo, Pd and Ag to calibrate the shift of R1 wavelength with the change of pressure
up to 180 GPa under quasi-hydrostatic condition at room temperature [28]. This result was
then revised by Dewaele et al. [62]. At low temperature, the R1 line does not change with
temperature variation and the width of the line becomes narrow, which increases the accuracy
of the pressure measurement. However, at high temperature, the R1 line moves to the red end
of the spectrum and the width of the line expands. Also, the non-hydrostatic pressure increases
the width of R1 line. Therefore, as a pressure gauge, ruby fluorescence method is suitable to be





This chapter is dedicated to introducing additive manufacturing (AM) technology, especially
selective laser sintering (SLS) method and selective laser melting (SLM) method, in order to
provide a basic understanding of the principles of AM technology. The AM materials, AM





Additive manufacturing, also called rapid prototyping or 3D printing, is any of various pro-
cesses to build a three-dimensional (3D) object by adding material rather than removing mate-
rial from the bulk. The working principle of AM is that the components are made by adding
and joining materials layer by layer. Each layer profile is a cross-section of the 3D model which
is created using a computer-aided design (CAD) software. The layer has a finite thickness and
the consequent part will be an approximation of the initial CAD model. The thinner each layer
is, the better approach of the part to the original CAD model. All commercial AM machines
follow the layer-based principle. However, the final performance of the components is depen-
dent on the ways of layer creation, the bonding method of the layers, the material choice, etc.,
which are different for the various AM machines [63].
Figure 3.1: Flow chart of a typical AM process.
In comparison with conventional subtracting manufacturing methods, AM technology has a
different path to build a object. As Figure 3.1 presents, the AM process starts from CAD
modelling, then data transfer from the CAD system to AM system, following by machine setup,
AM building process, removal of the support structures and ends by post-process, such as
polishing. These steps compose a typical AM process. Therefore, AM technology is actually
developed by contribution from many key technologies, such as the CAD system, the control
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system, the material preparation, the laser system, the printing technology and others. All these
technologies are important and necessary to the performance of AM process [63].
3.2 Classification of AM technologies
Different criterion can be used to classify AM technologies. One popular way is classifying AM
technologies by the layer formation and combination methods, such as laser melting method,
extrusion method, inkjet printing method and so on [64, 65]. Another way is to classify the
processes according to the raw materials, such as metals, polymers or fibres [66]. However,
any simplified approach or criteria is not always useful or appropriate in classifying all these
technologies because there are many various AM processing methods. A comprehensive classi-
fication was agreed and published in 2015 by International Standardization Organization (ISO)
and American Society for Testing Material (ASTM) [67]. ISO/ASTM 52900:2015 presents 7
process categories, as shown in Table 3.1.
Process Definition
Binder jetting Process in which a liquid bonding agent is selectively de-
posited to join powder materials
Directed energy deposition Process in which focused thermal energy is used to fuse
materials by melting as they are being deposited
Material extrusion Process in which material is selectively dispensed through
a nozzle or orifice
Material jetting Process in which droplets of build material are selectively
deposited
Powder bed fusion Process in which thermal energy selectively fuses regions
of a powder bed
Sheet lamination Process in which sheets of material are bonded to form a
part
Vat photopolymerization Process in which liquid photopolymer in a vat is selectively
cured by light-activated polymerization
Table 3.1: Process categories and the definitions of AM technologies according to ISO/ASTM
52900:2015 [67].
High strength of the materials is a necessary requirement for the construction of high-pressure
cell bodies because the extreme pressure is obtained by applying high loads. Therefore, the
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AM technology, which is able to build a part with a high mechanical strength, can be applied
in constructing high pressure cells. Among the processes defined in Table 3.1, the powder bed
fusion process is a primary way to build metal parts with a good bonding of layers, acceptable
processing precision and a relatively good mechanical properties.
Figure 3.2: A typical SLS process [68].
In powder bed fusion process category, selective laser sintering (SLS) method and selective
laser melting (SLM) method are the two most popular methods used in most commercialized
AM machines for building metal parts. The manufacturing process or the printing process of
these two methods has a similar course (Figure 3.2). At the beginning, the material powders
are spread by a powder spreading roller on the print platform. Then the selected region of this
powder layer is sintered or melted by the precisely controlled laser beam. The selected sintered
or molten powder region is one of the cross sections of the 3D CAD model, which will then
be bonded with the previous layer during the solidification. After the rapid solidification of
this layer, the platform is descended with a height of the powder layer. The whole building
process is the cycles of these steps until all parts in this process are completed. Although the
steps of these two methods are similar, there are some differences between them in terms of the
principles and the performances.
In SLS process, the primary metal powders are not melted. These powders are bonded and
sintered by the binding agents, which are blended in the raw powders and then melted by CO2
laser with the wavelength of 9.4-10.6 µm. Metal powders with a lower melting point or organic
resin are usually used as the binding agent in SLS process. As the primary powders do not have
to be melted in this process, some material with a high melting point, such as ceramics and
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tungsten carbide can be processed into components using the AM technology. These materials
are difficult to be machined in subtractive manufacturing process because of their high hardness
and brittleness. However, due to the use of binding agent, the strength of the sintered parts is
usually lower than the pure material itself. Furthermore, because the raw powders do not fully
melt, the existing of the pores among the unmelted powders reduces the strength of the parts
further, as well as the processing precision.
On the contrary, the powders in SLM process fully melt. In order to melt the powders with a
high melting point, a short wavelength laser is usually used. The Nd-YAG laser with a wave-
length of 1.064 µm, or the fibre laser with a wavelength of 1.09 µm are absorbed better by
metals than CO2 laser, so they are the two most popular choices in commercial SLM machines.
Generally, the porosity ratio of SLM parts are lower than SLS parts. As a result, the strength
and the precision of the SLM parts are usually higher than SLS parts [69]. However, because
the raw material powders have to be fully melted in SLM process, it has a higher cost and it
is difficult to build parts with a high melting point material using SLM technology. There-
fore, the choice of the AM processes is dependent on the requirements of the components in
high-pressure science applications.
3.3 Characteristics of SLS/SLM process
SLS/SLM process has some specific characteristics, which are different from the characteris-
tics of subtractive manufacturing methods, such as the computer numerical control (CNC) ma-
chining process. As one of the typical subtractive manufacturing processes, CNC machining
process is an automatic machining way to process materials with the use of various machining
tools that are controlled by a computer. High machining speed, excellent machining precision
and ultra-function integration are the outstanding advantages of the CNC machining process.
Furthermore, CNC machining process is also based on the CAD technology, which makes it
more comparable with SLS/SLM process.
In principle, SLS/SLM process and CNC machining process are able to process most of the
metalic materials. However, the SLS/SLM process requires the raw material to be in a spher-
ical powder form, so the varieties of materials that can be used in SLS/SLM process is highly
dependent on the metal powder manufacturing technology. For now, there are tens of metal
powders available for SLS/SLM process, from steels, aluminium alloys and titanium alloys
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to gold, silver and tungsten. Although, the number of material types available for SLS/SLM
process is lower than for CNC machining process, SLS/SLM process has particular advantage
when using precious metals such as gold and silver, and super-hard materials such as tungsten
and tungsten carbide. Part of the precious materials will be cut out and wasted, when CNC
machining process is used, so there is an increase of the cost for the precious metals. For super-
hard materials, the abrasion of the cutting tools is severe and the machining is difficult, due
to their high hardness and brittleness. These problems can be overcome by using SLS/SLM
method. Furthermore, SLS/SLM process also has an advantage in building parts with com-
mon metals. For example, the strength of the stainless steel 316L parts, which are built using
SLS/SLM process, can be triple that of the wrought stainless steel 316L material, without sacri-
ficing the ductility of the parts [70]. The research also shows the potential of SLS/SLM process
to build alloys with unique microstructures and better mechanical performance.
Considering the manufacturing speed, the CNC machining process can remove materials much
faster than adding materials using SLS/SLM process. However, CNC machining process re-
quires more time in setup and process planning, especially for parts with complex geometries.
On the contrary, in SLM/SLM process almost no time is required for these preparations. Be-
sides, multiple parts can be manufactured in a single building process, regardless of the geo-
metric complexity.
The precision of parts is an important requirement of the manufacturing processes. The ma-
chining tolerance of CNC machining process with a closed-loop control system is typically
2-10 µm, mainly resulting from the combination of the programming error, the machine sys-
tem error, the positioning error and the tool setting error [71]. On the other hand, the tolerance
of SLS/SLM process is mainly from the laser system and the spread powder system. Gen-
erally, the SLS/SLM process has different resolutions along different directions. The vertical
resolutions of SLS/SLM machines correspond to the error of layer thickness. The horizontal
resolutions mainly depend on the positioning accuracy of the laser beam and the spot size of the
laser. The vertical and horizontal resolutions of SLS/SLM process usually varies from several
microns to several tens of microns.
The biggest advantage of SLS/SLM process is the outstanding performance at building parts
with complex and irregular geometries. In SLS/SLM process, no matter how complex the
original 3D model is, the 3D geometry is divided into a series of 2D cross sections with a finite
thickness. The current layer is melted or sintered and then bonded with the previous layer.
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Figure 3.3: The overhang structure without proper supports (a) and its processing failure
(b) [72].
The only problem is that the melted or sintered layer has to be supported by the previous one,
otherwise the molten material would drop down to the bottom and this layer cannot be bonded
with the previous one properly (Figure 3.3). Therefore, some supports have to be added for
the overhang structures which have an angle less than 30◦ against the horizontal plane. This
is one of the rules of part design for SLS/SLM process, although the SLS/SLM process allows
the maximized geometric design freedom in comparison with CNC machining process. In the
CNC machining process, requirements of the manufacturing process, such as undercuts for the
threads, sharp internal corners or irregular curved surfaces, have to be considered when the
features are designed. The features like undercuts are not required by the part function; they
are only necessary for the manufacturing process. Other features like sharp internal corners
or irregular curved surfaces are quite difficult to be machined, therefore the manufacturing cost
will increase. In conclusion, SLS/SLM process is more suitable for building parts with complex
geometries, with minimum limits and requirements for the part geometry and complexity.
3.4 AM applications in high-pressure science
There are several requirements for processing miniature DAC parts. The first one is the me-
chanical strength of the parts. The mechanical properties of materials are not only decided by
the materials themselves, but also related to the forming process. For metal materials, good
mechanical properties are usually obtained by forging. Forging process can eliminate defects
such as casting voids, and also, optimize the microstructures and retain the metal flow lines in
the materials [73]. However, SLS/SLM process can reach similar or even better mechanical
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properties than forging process, because of the more detailed and homogeneous refinement of
the microstructures and low porosity ratio of the materials [70]. Therefore, in terms of the
material strength, the SLS/SLM can be used in manufacturing DAC parts.
In this project, geometric optimization is another requirement for DAC design in order to mini-
mize the background noise from the DAC body and increase the signal-to-noise ratio when it is
used in experiments such as magnetic measurements [74]. However, the optimal design, with
lowest material volume and highest load capacity, cannot always be manufactured directly, and
some features for manufacturing process, such as undercuts, are needed to be added to the part
design, see Section 3.3. In comparison with CNC process, SLS/SLM process has unique advan-
tage in building parts with minimum modification of the optimal geometry because this process
offers a high part design freedom. Furthermore, some customized features such as customized
threads can be built easily in SLS/SLM process without additional cost for the matching cutting
tools. These customized threads can be specially designed and optimized for their applications
in high-pressure cells to provide extra axial loading strength, smooth loading increments and
good alignment for the diamond anvils [75]. SLS/SLM can also be used for fabricating compo-
nents used in high-pressure experiments such as 2D MCC, which cannot be constructed directly
using conventional subtractive manufacturing technologies due to its complex geometry.
Moreover, SLS/SLM is a manufacturing process which can build parts without contacting ma-
chine tools. In CNC machining process, the contact of the parts and the machine tools can
contaminate the surface of the parts [76]. The machining process causes high temperature and
high shear stress at the cutting region. The surfaces of the parts are likely to be oxidized due
to the high temperature. Also, the cutting process and the severe friction between tools and ob-
jects may bring some chemical elements and materials from the tools to the surface of the parts.
The oxides and residual materials from tools are the main contaminations and they are difficult
to be removed. These contaminations will increase the background noise from the DAC bod-
ies in high-pressure magnetic measurements. However, the non-contact forming process using
SLS/SLM technology will avoid this problem because the process is always conducted in pro-
tective atmosphere and no shear deformation occurs on the surfaces of the parts. Furthermore,
SLS/SLM technology builds DAC parts with a higher material purity.
SLS/SLM process has advantages in manufacturing components compared with CNC ma-
chining process in terms of mechanical properties, geometry design freedom, forming preci-
sions and manufacturing time. These characteristics show many potential applications in high-
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pressure research. The developments of novel high-pressure instruments based on SLS/SLM
technology are explored and studied in this thesis.
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Chapter 4
Stress Analysis and Finite Element
Analysis
This chapter describes both the principles of the stress analysis and the stress simulation method
behind high-pressure cell designs. The first part of this chapter focuses on the theory of elastic
mechanics, especially the principle of massive support, which is the fundamental principle of
the anvil’s design. The second part gives a brief introduction of finite element analysis (FEA)
simulation method and its applications on the design of high-pressure cells.
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4.1 Failure Criteria
The failure criteria of the materials should be discussed before the stress analysis is conducted.
Material failure usually occurs when the load on the material is too high and the strength of the
material cannot resist the load. Actually, the reason of material failures is complicated and mul-
tiplex. The strength theories explain the mechanics of material failure under loads. There are 4
strength theories which are mostly used in practice: maximum normal stress theory, maximum
strain energy theory, maximum shear stress theory and maximum distortion energy theory. The
first 2 strength theories are used to explain material fracture failures and the last 2 strength the-
ories are used for material yielding failures. As the materials used in high-pressure instruments
are always metals or alloys, the maximum shear stress theory and the maximum distortion en-
ergy theory are suitable to estimate the maximum loads on the high-pressure instrument parts.
4.1.1 Maximum shear stress theory
Maximum shear stress theory takes the high shear stress as the reason of material failure. For
the isotropic material under uniaxial load, if the yield stress is σe, then σe is the yield strength
of this material for all directions. And the maximum shear stress is τmax = σe/2. The yield
strength is the inherent mechanical property of the material and is not relevant to the stress state.
At an arbitrary stress state, the maximum shear stress is τmax = (σ1 − σ3)/2, where σ1 and
σ3 are maximum principle stress and minimum principle stress, respectively. Then the material
yields when
σ1 − σ3 = σe (4.1)
This is the maximum shear stress theory.
4.1.2 Distortion energy theory
Distortion energy theory (von Mises theory) regards the high distortion energy as the reason
of material failure. The material yields when its distortion energy ef is up to its maximum
distortion energy efu:
47
Stress Analysis and Finite Element Analysis
ef = efu (4.2)





(σ1 − σ2)2 + (σ2 − σ3)2 + (σ1 − σ3)2
]
(4.3)
where ν and E are the Poisson’s ratio and Young’s modulus of the material, respectively. σ1,
σ2 and σ3 are maximum, middle and minimum principle stress, respectively.











Combine Equation 4.2, 4.3 and 4.4, the failure criterion under the principle stress state based






(σ1 − σ2)2 + (σ2 − σ3)2 + (σ1 − σ3)2
]
= σe (4.5)
where σ̄ is the equivalent stress according to the distortion energy theory.
Under 2-dimensional multi-axial load, the plot of yield stresses based on maximum shear stress
theory and distortion energy theory are shown in Figure 4.1. As Figure 4.1 illustrates, the yield
stress of distortion energy theory is about 15% higher than the yield stress of maximum shear
stress theory under the principle shear stress state. According to the experimental results under
multi-axial load (Figure 4.2), the distortion energy theory is closer to the practices, although
the difference between these 2 theories is not much.
4.2 Principle of massive support
A high pressure can be generated on samples between the opposed anvils with the use of anvil
systems. The design of the anvils is dominating to the pressure generation. As anvils work
under extreme loads, the stress distribution, the deformation and the failure modes of the anvils
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Figure 4.1: Curves of yield stresses based on maximum shear stress theory (hexagon) and dis-
tortion energy theory (ellipse). The equivalent stresses of maximum shear stress
theory and distortion energy theory under the principle shear stress state are 0.5σe
and 0.577σe, respectively.
Figure 4.2: Experimental results of the yielding stresses of materials under multi-axial
load [77].
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should be analyzed and investigated. In order to study the elastic behaviour of anvils and
other high-pressure instrument components using the theories from mechanics of materials and





• Perfect elasticity assumption.
• Small strain assumption.
4.2.1 Fundamental equations
There are 3 fundamental equations of materials in mechanics of elasticity: the equilibrium
equation, the geometric equation and the constitutive equation.
Figure 4.3: An infinitesimal volume parallelepiped under a general stress state.
When the solid is under equilibrium of loads, every infinitesimal volume element of the material
is in static equilibrium state. Figure 4.3 shows a parallelepiped with the length of sides of ∆x,
∆y and ∆z, and the stresses of σx, τxy and τxz along x direction. Subject to the equilibrium of
the infinitesimal volume element along x direction:
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Equation 4.7, 4.8 and 4.9 are the equilibrium equations of the infinitesimal volume element of
the material.
The geometric equation defines the strain in a solid material. Assume the displacement of the





























According to Hooke’s law, the constitutive equation below describes the relationship between
strain and stress.
51
Stress Analysis and Finite Element Analysis
σx =
Eν

















(1 + ν) (1− 2ν)
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where ν is Poisson’s ratio of the material and E is the Young’s modulus. Let
θ = εx + εy + εz (4.12)
in which θ is the volume strain of the infinitesimal volume element. Suppose
λ =
Eν
(1 + ν) (1− 2ν) (4.13)
µ =
E
2 (1 + ν)
= G (4.14)
where λ and µ are Lame’s constants, and G is the shear modulus of the material. Then,
σx = λθ + 2µεx
σy = λθ + 2µεy
σz = λθ + 2µεz
(4.15)
According to the definition of shear modulus, the relations between shear stress and shear strain
are
τxy = Gεxy = µεxy
τyz = Gεyz = µεyz
τxz = Gεxz = µεxz
(4.16)
Combine Equation 4.6, 4.15 and 4.16, the equilibrium equation along x direction can be rewrit-
ten as
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+ µ52 u = 0 (4.17)








+ µ52 w = 0 (4.19)















where r2 = x2 + y2 + z2. The second set of particular solutions is
u =
x
r (r + z)
v =
y





The general solution of Equation 4.17, 4.18 and 4.19 can be obtained by the linear combination
of these 2 particular solutions. Then the strain and stress distribution in this solid can be solved
with the boundary conditions applied.
4.2.2 Normal loading on an elastic half-space
Assume there is a homogeneous and isotropic half-space, bound by the plane z = 0. The stress,
strain and deformation in the elastic half-space can be calculated and analyzed based on the
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fundamental equations in Section 4.2.1. Then the principle of massive support can be proved
and explained by the behaviour of the half-space under normal loads.
4.2.2.1 Concentrated normal force
Figure 4.4: A normal concentrated force applied on the elastic half-space (Axis y is not shown
in this figure).
As shown in Figure 4.4, a normal concentrated force is applied on the elastic half-space, at the
origin of the coordinate O. Because the concentrated stress around point O is much higher than
the elastic limit, the elastic state is considered to be outside the semi-sphere with the radius of
a.
The general solution of the Equation 4.17, 4.18 and 4.19 is a linear combination of two partic-

























in which A and B are constants to be confirmed by applying boundary conditions. Combine
Equation 4.10, 4.15, 4.16 and 4.22, the stress components can be represented as
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−B 2µxy (z + 2r)
r3 (r + z)2
(4.23)
where r2 = x2 + y2 + z2.
Figure 4.5: An infinitesimal volume triangular pyramid under a general stress state with a
plane normal to the vector r.
As Figure 4.5 shows, pn is the sum vector of normal stresses and shear stresses on the plane.
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As Figure 4.4 shows, the resultant force applying on the semi-sphere with the radius of r is
the integral of the stress components over this semi-sphere. The resultant forces along x and y





















The annulus area with the angle of θ against z axis is
dS = 2πrsinθ · rdθ = 2πr2sinθdθ (4.27)





Using equilibrium equation along z direction,




On the boundary surface Oxy, excluding the circular area with the centre of O and radius of a,
the boundary conditions can be described as follows,
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+B = 0 (4.31)
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(4.32)
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r3 (r + z)2
(4.33)
The equivalent stress in this half-space under the concentrated normal force can be conducted
by using Equation 4.5. And the distribution of the equivalent stress is shown in Figure 4.6.
The expressions of strain and displacement components along x, y and z directions can also be
solved by using Equation 4.32 and other fundamental equations.
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Figure 4.6: The distribution of the equivalent von Mises stress in an elastic half-space under a
normal concentrated force.
4.2.2.2 Distributed normal force
Figure 4.7: A normal distributed force applied on the elastic half-space. (a) The oblique di-
metric view. (b) The top view.
If the normal force acts on a surface area of the elastic half-space, the stress distribution in the
elastic body can be obtained using the principle of superposition. In particular, consider the
case that an even-distributed pressure p acts on the circular area with the radius of a on the
elastic half-space (Figure 4.7). The stress on the z axis (x = 0, y = 0) can be obtained using
the principle of superposition. As shown in Figure 4.7(b), the force on the annulus with the
radius of ρ and the width of dρ is described as dF = p2πρdρ.
According to Equation 4.33, σz on z axis responding to the pressure p on the circular area is
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At the coordinate origin O, there is σz = −p. The value of σz decreases with the increase of z.
The shear stress on z axis is τxz = τyz = 0 because of the rotational symmetry of the geometry.
Figure 4.8: Transformation of coordinates from Cartesian coordinate to cylinder coordinate.
In the cylindrical coordinate system shown in Figure 4.8, the sum of all the 3 principle stresses
is a constant, which is the first invariant of the stress state eigen equation in the material [77].
This invariant does not change with coordinate systems. Using Equation 4.33
σρ + σϕ + σz =σx + σy + σz = −
∫
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[(σx + σy + σz)− σz] =
































The stress components at other positions in the elastic half-space can also be obtain by integra-
tion, although it is much more complicated.
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4.2.3 Principle of massive support in opposed anvils
Figure 4.9: The distribution of the equivalent von Mises stress in an elastic half-space under a
normal concentrated force.
For the elastic half-space and the load in Figure 4.7, the equivalent stress on z axis is the
maximum in comparison with the stresses at the same depth of the half-space (same z value)














































where σ̄ is the von Mises equivalent stress. Suppose the Poisson’s ratio of the half-space ma-
terial is 0.25, then the principle stresses and equivalent stress on z axis are shown in Figure
4.10.
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Figure 4.10: The distribution of the principle stresses and equivalent stress on z axis in the




2 (1 + ν)
7− 2ν
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2 (1 + ν)3
9
 p = −fmp (4.42)
where fm is called enhancement coefficient, and the minus means it is a compressive stress.
When ν = 0.25, the maximum equivalent stress is σ̄ = −0.69p (z = 0.62a). According to
the distortion energy theory, the material yields when the equivalent stress is up to its elastic
strength σe:
σ̄max = σe = −fmp (4.43)
Because fm is less than 1, it means that the maximum pressure on the elastic half-space can
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be 1/fm times higher than the elastic strength of the material. The pressure higher than the
material strength on the small surface of the material can be achieved due to the support from
the surrounding material, and that is the Principle of Massive Support.
Figure 4.11: The distribution of the equivalent stress in an elastic body and an anvil under the
uniaxial load [10].
If the loads are applied to a large elastic body, as shown in Figure 4.11(a), the high pressure
from the small piston end will be transferred and evenly distributed at the big piston end approx-
imately (Figure 4.11(b)). That means the pressure on the small area is supported not only by
the bottom material, but also by the side material outside the pressure area (outside the dashed
area). According to the stress distribution in the elastic body (Figure 4.11(c)), the strength of
the body has little change if the corner material is removed, and the cost for the material will
be saved.
4.3 Thick-walled cylindrical pressure cell
The cylindrical pressure cells used in high-pressure research are usually thick-walled, in con-
trary to the thin-walled cylindrical pressure vessels, such as gas cylinders and oxygen cylinders.
The thick-walled cylinders have higher pressure limits, hence they are widely used to generate
high pressures on the samples. In order to design and optimize the piston cylinder cells, the
stress states in the cylinders should be analyzed.
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Figure 4.12: The principle stresses under axial symmetric conditions.
4.3.1 Stress-strain relationships in thick-walled cylinders
The geometry of cylinders has axial symmetry. If the applied loads on the cylinder is axial
symmetric as well, then the directions of the principle stress σr, σt and σz in the cylinder
should be along the radial direction, the tangential direction and the axial direction as shown in
Figure 4.12, respectively. In turn, the principle strains are εr, εt and εz , respectively. According
to Hook’s law, the relationship between the principle stresses and the principle strains can be
described by the constitutive equation as below:
σr =
Eν

















(1 + ν) (1− 2ν)
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Eεr = σr − ν (σt + σz)
Eεt = σt − ν (σr + σz)
Eεz = σz − ν (σr + σt)
(4.45)
where ν is the Poisson’s ratio of the material and E is the Young’s modulus.
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4.3.2 Stress distribution in thick-walled cylinder loaded with internal and exter-
nal pressures
Figure 4.13: Cross-sectional view of a cylinder. (a) The distribution of the principle stresses
in a cylinder under axial symmetric loads. (b) The radial displacements in a
cylinder under axial symmetric loads.
The cross-sectional view of a cylinder, with an infinite length and an isotropic material is illus-
trated in Figure 4.13(a). The inner pressure is pi and the outer pressure on the cylinder is po.
Assume the displacement of a point under the loads is u, where the point is at the radius r of
the cylinder, as shown in Figure 4.13(b). In the cylinder coordinate, u is a function of r, θ and











Due to the axial symmetry and the infinite length of cylinder, u is uncorrelated to θ and z. Thus
u = u(r).
At the position r + dr, the radial displacement of the point is
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The strain along the radius is
εr =






The strain along the tangential is
εt =






Figure 4.14: The stress state of an infinitesimal volume in a cylinder.
Consider an infinitesimal volume element shown in Figure 4.14. The equilibrium equation
along the radius is







(r + dr) dθdz (4.50)
Assume sin(dθ/2) ≈ dθ/2 and ignore the infinitely small number (dr)2, then the equilibrium
equation can be rewritten as




Substitute Equation 4.48 and 4.49 into Equation 4.44, then σr and σt can be described as
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σr =
Eυ



































The general solution of this equation is




where A and B are undetermined coefficients.
When the inner pressure pi and the outer pressure po are applied on the cylinder with the infinite




where a and b are the inner and outer radius of the cylinder, respectively. The minus sign
presents that the stresses are compressive. Substitute the boundary conditions into Equa-
tion 4.54, then the coefficients A and B can be determined as
A = −νεz +










E (ω2 − 1)
(4.56)
where ω = b/a. Substitute A and B into Equation 4.44, then the three principle stresses in the
cylinder with an infinite length and axial symmetric inner and outer pressures are presented as
below:
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The equivalent stress based on the proper failure criteria can be calculated according to the
principle stresses in Equation 4.57. Then the maximum pressure generated in the cylinder cell
can be determined and the mechanical behaviour of the cylinder can be analyzed.
4.4 FEA and its applications on high-pressure instruments
In the engineering design progress, the mechanical behaviours of the components with specific
material properties under loads should be calculated and analyzed in order to check whether
the design meets the operating requirements. The main mechanical behaviour of any point
in a component is mainly described as its displacement, the stress state and the strain state
under external loads. If the geometry of the component is regular and the external load is
simplex, then the mechanical behaviour of any point in this component can be obtained by
using analytical equations from the mechanics of material theories. However, the analytical
solutions are difficult to be conducted when the component geometry or its external load is
complex. Therefore, a numerical solution which is close to the analytical solution is required in
this situation. Finite element analysis (FEA) or finite element method (FEM) is a way to obtain
the discretized approximation to the mechanical behaviour of the component with irregular
geometry or under complex loads.
The main principle of FEA is that the geometry is discretized into finite elements with small
and regular length, area or volume. Then the mechanical behaviour in the small element is ap-
proached using proper difference equations instead of differential equations, which are difficult
to be solved. There are some classic difference methods, which are widely used in FEA, such
as Euler method, Runge-Kutta method and Taylor series method [78]. Apparently, the advan-
tage of the difference method is that it simplifies the solving process of the original function.
The original differential function is simplified by a series of elementary functions with a proper
step length ∆x, which is the element dimension in FEA (Figure 4.15). However, due to the re-
quirements of the approximation precision, the step length ∆x should be properly small which
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Figure 4.15: Fitting of original function by linear element functions with the step width of ∆x.
means the number of the elementary piecewise functions is quite a lot. Thanks to the develop-
ment of computer science and technology, the process speed of massive linear or polynomial
computations by computers is satisfactory, which makes FEA possible to be used in mechanical
behaviour analysis for complex geometry and loads.
As shown in Figure 4.16, the process of FEA can be described as 7 following steps. Firstly, the
overall geometry is divided into small finite elements. This is the most important step in FEA
simulations. The element sizes and shapes should be controlled properly during meshing in
this step. Some refinements of the mesh are required in the region at the risk of failure or with
the small and complex features in order to get a better approximation to the analytical results.
Secondly, the nodal point variables and shape functions of the elements are selected. Different
element type has different number of nodal points. These variables are usually corresponding
to the degrees of freedom of the elements. And the shape functions reflect that how the element
deforms under loads. In other words, the shape functions of the elements are the elementary
functions which are used to approach to the original differential functions. For example, the
linear variation of translations along the element and the linear variation of rotation of the
element are two simplest shape functions. Thirdly, the stiffness matrix of each element is
derived. The stiffness matrix is actually the relationship between the displacement and the
force at the nodes in each degree of freedom of the element. In the 4th step, a global stiffness
matrix is assembled from the elementary stiffness matrixes, and the global stiffness matrix
equation is obtained containing the simultaneous equations of force and displacement for the
whole structure. Appropriate and sufficient boundary conditions should be applied to prevent
the rigid body motion of the component in the next step. Otherwise, the global stiffness matrix
would be singular, and the displacement of the component would be infinitely large due to the
68
Stress Analysis and Finite Element Analysis
Figure 4.16: Flow chart of a typical FEA computing process.
non-equilibrium state of the elements. Then the overall equations can be solved and all of the
element displacements resulting from the applied forces can be obtained. Finally, the stress
and the strain in an element can be calculated by the obtained displacement of the nodal points
using Hook’s law.
4.4.1 Element library
As the overall geometry is discretized into elements in FEA, the behaviour and the property
of the elements are crucial for the overall mechanical behaviour of the component. Every
general-purpose commercial FEA software has a range of types of element, every one of which
is designed to represent a particular structural form with a given degree of freedom and shape
function. Some common types of element are shown in Table 4.1. The choice of the element
type is highly dependent on the expected behaviour of the component under the specific load,
and the simplification assumptions in the analysis.
As Table 4.1 presents, element types are categorized as line, area and volume. The degree of
freedom of the element nodes are different in different element types, which means that they
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Table 4.1: Common types of element in commercial FEA softwares [79].
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can be used to defines different node motions or behaviours in simulations. For example, if
elements in the component are only under the axial load, then truss type element with only
nodal translations is good enough to simulate this behaviour. However, the beam type element
is necassary if bending, transverse shear or torsion exists in the component. Otherwise these
loads will be lost and the results will be suspect with the use of truss element, because there
is no rotation degree at the truss nodes. In principle, the node of 2D element has 3 degrees
of freedom for maximum: 2 translations and 1 rotation. And the node of 3D element has
6 degrees of freedom for maximum: 3 translations and 3 rotations. Therefore, the element
with proper nodal degree of freedom should be used corresponding to the requirements of the
simulation. The number of nodes in the element depends on its dimensions and the shape
functions. Although all components in real world are 3D objects, dimensional reduction can
be applied on them in some simulations with symmetric geometries or loads to save computing
time. In other words, elements with reduced dimensions and fewer nodes can be used instead
of volume elements for lower computation expense.
Shape function is another important characteristic of element. It describes the distribution of
the displacement across the element. The most commonly used shape functions are linear and
quadratic. For the element with linear shape function, such as truss, linear quad and linear brick,
the displacement between 2 nodes distributes linearly. Then the strain and stress distribution
in the element is constant due to the definition of strain ε = du/dx. Therefore, the stress and
strain distribution and variation in the element are inaccurate and the fitting to the true solution
is quite coarse. Furthermore, the stress and strain values at the border of the adjacent elements
are not continuous. For quadratic shape function, an extra mid-length node between 2 corner
nodes is added to define quadratic curved shape. As a result, the stress and strain state in the
element is linear and the overall stress and strain state in the component have the first-order
continuity. The error between the fitting function and the true solution is then highly improved.
For shape functions with higher orders, the computation time will be costly and are not practical
in most common applications.
4.4.2 Mesh
Geometry meshing is another important process in FEA after the choice of element type. Ele-
ment size and shape are controlled in this geometric discretization process, which is decisive to
the accuracy of FEA results as well. Because a linear or quadratic shape function is used in the
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Figure 4.17: The convergence process of FEA displacement solution with the increase of num-
ber of elements in the model.
element to approximate the distribution of displacement across the element, the error occurs
between the fitting function and the true distribution in the element. Smaller size of the element
means that the error terms are reduced, and the representation of the displacement distribution
is improved. As Figure 4.17 illustrates, the accuracy of FEA solution improves as the number
of elements in the model increases. This convergence process is always used to confirm that the
mesh is fine enough in terms of the accuracy of the FEA results. However, higher element num-
ber increases the computing time and computing resource consuming. Therefore, a trade-off is
needed between the FEA solution accuracy and the computing expense.
Figure 4.18: The comparison between (a) a proper mesh and (b) a bad mesh with distorted
element shape.
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The element shape should be paid particular attention in meshing process, especially for the
region where stress and strain results are concerned. The accuracy of the results is diminished
when the element shape is distorted. Figure 4.18 presents the comparison between a proper and
a bad mesh. It is best to keep elements close to their unmapped shape: square for quadrilat-
eral elements, equilateral triangle for triangular elements, cube for brick elements. Generally,
the error due to the poorly shaped element is more evident in stress and strain results than in
displacement results.
Figure 4.19: An example of the mesh refinement in the region where the stress changes rapidly.
Besides increasing the number of element and improving the element shape, the element size
should be refined at the region where the displacement, strain and stress change rapidly and
have a high gradient, in order to improve the result accuracy (Figure 4.19). In principle, the
overall shape function of the geometry approaches to the true solution better if the step length
of fitting is finer and smaller where the derivative of the function is higher. And the error is
reduced because of the lower difference between the linear or quadratic shape function and the
true solution. In the region where the displacement changes smoothly, the element size can
be relatively large in order to save the computing expense with little sacrifice of the accuracy.
This process is actually the optimization of both the geometry meshing and the computation
resource allocation.
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4.4.3 Loads and boundary conditions
Most commercial FEA softwares offer a range of load types, including external force, pressure,
thermal load, body load and so on. The global matrix equation in FEA relates nodal displace-
ments to nodal forces, therefore all forms of loading have to be converted into nodal forces or
moments ultimately. And the load can only be applied along the degree of freedom which exists
at the nodal points, otherwise the nodal load is not valid for the specific element type. Several
different load types can be applied on the same nodes according to the superposition principle,
and the forces or moments are summed up at each node.
In FEA simulation, boundary conditions should be applied to prevent rigid body motion and can
also be used to impose symmetric conditions. Similar to the load application, the constrains are
applied at some nodes of the model to fix their translation and/or rotation degrees of freedom,
which should exist for the element type. Enough constrains should be applied to keep the model
under static equilibrium state. However, the model should not be over constrained in case the
stiffness of the model is too high to be reasonable. And the results would be incorrect near the
region where the model is over constrained. Even the boundary conditions are applied properly,
some singularities may occur because the stiffness on the boundary cannot be infinite high in
physical world and the translations and moments at these nodes cannot be zero. However, the
influence of these effects are local and boundary condition assumptions are still valid only if the
regions, where the mechanical behaviours are concerned, are far away from the region where
the boundary condition applied.
4.4.4 FEA result verification
In FEA simulations, although it is easy to perform a complex analysis following the steps above,
the verification of the FEA results is quite practical and difficult. And the more complex the
problem is, the less likely it is that the error of the result will be evident. As an essential part of
a good modelling, a scheme should be devised for verifying the results.
Apparently, there is no need to verify every point of the analysis, otherwise the simulation
would be redundant if it can be calculated theoretically. Generally, there are 3 ways to verify
the FEA result. The first one is performing theoretical calculations for some regions where
their geometries can be simplified properly. The calculation result might be very approximate
because of the simplification, but some theoretical results can still be comparable to the FEA
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solutions and offer a rough range of the result values. The other method for FEA result ver-
ification is the mesh convergence (see Section 4.4.2). If the analysis result converges with
the increasing element size, the mesh is fine enough and the error due to the fitting between the
shape function and the true solution is acceptable. The third way is to check the displaced shape
of the elements and the stress distribution of the model to see if their values are reasonable from
the giving loads. This way is highly dependent on the experience. All these 3 methods can be
combined in order to verify the FEA results.
4.4.5 FEA applications in high-pressure instruments
FEA is a useful and powerful tool for stress analysis and optimization of the designs in engi-
neering applications, especially in high-pressure cell anvils and bodies, which are always under
extreme loads. FEA method was firstly used in high-pressure research in 1982 by Adam and
Shaw for the stress distribution in diamond anvils [80]. The potential destructive stresses in
diamond anvils were analyzed and several types of anvils and supporting mechanism for the
anvils were compared based on the simulation results. As a result, the mechanisms of anvil
failures were discussed and illustrated with photographs. This research offers some basis for
the optimization and reinforcement of the anvil designs.
In 2012, Fang et al. analyzed the strength and optimized the geometry of the double-toroidal
anvils for the PE press using FEA method [81]. Toroidal anvils have a central recess as the
sample volume and this central recess is surrounded by one or two recesses to resist the out-
ward flow of the gasket. Therefore, the sample volume can be kept as large and would not be
decreased by the thinning of the gasket. However, due to the more complex geometry of the
toroidal anvils than the anvils with flat culets, the stress analysis of the anvils is much more
difficult. Therefore, FEA method is a good choice to simulate the stress states in the double-
toroidal anvils. Figure 4.20 shows the stress distributions in the anvils based on the FEA results.
Possible optimization directions were explored in this research according to the FEA simulation
data and the performance of the pressure cell with double-toroidal anvils can be improved.
Besides the opposed anvil cells, FEA method is also used in the design of piston cylinder cells.
Wang et al. constructed a large volume high-pressure cell for INS research with the help of
FEA simulations [52]. As Figure 4.21 shows, this piston cylinder cell is a double-layer design
which could generate a higher pressure due to the interference fit between these 2 layers, rather
than single layer piston cylinder cell. FEA method helps in the diameter optimization of the
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Figure 4.20: Half cross-sectional view of the stresses distribution in the double toroidal anvil
under the load of 240 tons: (a) maximum principal stress, (b) shear stress, (c)
elastic strain as well as (d) axial, (e) radial, and (f) hoop normal stresses [81].
two-cylinder layers corresponding to the maximum pressure generated in the sample volume.
Nowadays, FEA method is widely used in most high-pressure cell design process, to optimize
the geometries, analyze the stress distribution and predict the failure of the cell. FEA simulation
saves a lot of experimental expenses and improve the experimental safety conditions. It reduces
the whole period of the project cycle and contributes much to the development of high-pressure
instruments and high-pressure scientific research. In this project, FEA method is also used to
optimize the high-pressure cell design, which is an important part in the design process.
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Figure 4.21: Cross-sectional view of the 3D FEA model of the pressure cell body with max-




A Novel Diamond Anvil Cell for X-Ray
Diffraction at Cryogenic Temperatures
Manufactured by 3D Printing
A new miniature high-pressure diamond anvil cell was designed and constructed using 3D
micro laser sintering technology. This is the first application of the use of rapid prototyping
technology to construct high-pressure apparatus. The cell is specifically designed for use as an
X-ray diffraction cell that can be used with commercially available diffractometers and open-
flow cryogenic equipment to collect data at low temperature and high pressure. The cell is
constructed from stainless steel 316L and is about 9 mm in diameter and 7 mm in height, giv-
ing it both small dimensions and low thermal mass, and it will fit into the cooling envelope of
a standard CryostreamTM cooling system. The cell is clamped using a customized miniature
buttress thread of diameter 7 mm and pitch of 0.5 mm enabled by 3D micro laser sintering tech-
nology; such dimensions are not attainable using conventional machining. The buttress thread
was used as it has favourable uniaxial load properties allowing for higher pressure and better
anvil alignment. The clamp can support the load of at least 1.5 kN according to finite element
analysis (FEA) simulations. FEA simulations were also used to compare the performance of the
standard triangle thread and the buttress thread, and demonstrate that stress is distributed more
uniformly in the latter. Rapid prototyping of the pressure cell by the laser sintering resulted in
a substantially higher tensile yield strength of the 316L stainless steel (675 MPa compared to
220 MPa for the wrought type of the same material), which increased the upper pressure limit
of the cell. The cell is capable of reaching pressures of up to 15 GPa with 600 µm diameter
culets of diamond anvils. Sample temperature and pressure changes on cooling were assessed
using X-ray diffraction on samples of NaCl and HMT-d12.
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5.1 Introduction
Most high-pressure research is conducted using diamond anvil cells in which two opposing
anvils are brought together to deform a gasket material, thus generating a quasi-hydrostatic
pressure within a sample cavity. X-ray diffraction is a common method for probing the pres-
surized state within the sample volume up to pressures of the order of 100 GPa [82]. DACs
are particularly suited to such measurements due to their relatively small size, which allows
them to be mounted on diffractometers, and the large pressures they can generate. Most impor-
tantly, diamond anvil is transparent to the X-rays, which makes it possible to be used in X-ray
diffraction experiments. Typically, Merrill-Bassett type cells are used for such diffraction mea-
surements [29, 31] but in recent years other cell designs have become increasingly popular
in other areas of high-pressure research, such as the turnbuckle design (Figure 5.1), which is
firstly developed for use in high-pulsed magnetic fields [83, 84] and for magnetic measurements
in commercial magnetometers [85, 86]. In the turnbuckle design, the pressure can be generated
and maintained by rotating the cell body while restricting the counterthreaded end-nuts to trans-
lations. The use of turnbuckle principle reduces the size of the pressure cell significantly. The
importance of miniaturization of high-pressure cell has been discussed in Chapter 2. The minia-
ture DAC helps to reduce the background noise from the cell material and the frost forming on
the path of the beam. Furthermore, it helps in the quicker low temperature equilibrium due to
the low thermal mass of the miniature DAC. Although some miniature DACs for XRD studies
have been successfully constructed for use in cryogenic experiments [87, 88], there is scope
for further miniaturization to enable use of open-flow cryogenic equipment which is practically
extremely convenient and very commonly available, but which has limited volume or cooling
power compared to closed cryostats.
When miniaturizing high-pressure cells, it is important to consider possible construction dif-
ficulties. The geometry of the miniature high-pressure cells should be optimized, as well as
the stress distributions and values in the cell parts, in order to generate high pressures on the
samples with the miniaturized geometry. Conventional manufacturing processes are subject to
a number of limitations such as complex geometry and the dimensional limits for small features
such as very small optimized and customized threads. Furthermore, the residual material from
the cutting tools embedded on the surface of the parts can cause undesirable effects such as a
high background noise in magnetic measurements or other experiments, which are sensitive to
the particular material properties. Therefore, additive manufacturing has its unique advantages
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Figure 5.1: Drawings of turnbuckle DAC design with key dimensions [86].
in terms of the aspects mentioned above.
5.2 Micro laser sintering (MLS) technology
In recent years the development of additive manufacturing technologies has provided increased
freedom for engineers when designing parts, allowing the construction of complex geometries,
previously unattainable via conventional means. Selective laser sintering, in which metal pow-
ders are melted and sintered by lasers layer by layer, is one of these technologies. Besides the
ability of complex geometry construction, some selective laser sintered material has improved
mechanical properties. Recent studies have shown that the mechanical properties of some laser
sintered metals can exceed those of the wrought metals. For example, 3D printed stainless steel
316L has a higher tensile yield strength and ultimate tensile strength compared to the same
material in its wrought form (Table 5.1) [89]. The high temperature gradient and quick solid-
ification involved in selective laser sintering create a steel with more refined microstructures
compared to conventional manufacturing, resulting in the enhanced mechanical properties.
Mechanical Properties MLS 316L Wrought 316L
Tensile Yield Strength (MPa) 675 220
Ultimate Tensile Strength (MPa) 746 517
Table 5.1: The mechanical properties of MLS 316L and wrought 316L [90]
Micro selective laser sintering (MLS) technique is one of the SLS techniques which can offer a
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much better manufacturing precision rather than normal SLS manufacturing methods. With the
development of MLS technology, the dimensional tolerance and layer thickness of components
can be as good as±5 µm and 5 µm, respectively, which is precise enough for most engineering
applications, including miniature pressure cells. In principle, the better forming precision of
MLS benefits from the powder manufacturing method for finer particle diameter, the achieve-
ment of smaller laser beam spot size, better kinematic accuracy of the mechanical systems of
the MLS machines and the improvements of other relative technologies. The comparison of
main parameters of MLS and normal SLS are represented in Table 5.2.
Parameter DMP50 GP EOS M 290
Laser type Infrared fiber laser Yb-fiber laser
Laser power 50 W 400 W
Laser spot size 30 µm 100 µm
Building volume φ 57 × 30 mm3 250 mm × 250 mm × 325 mm
Layer thickness 5 µm 40 µm
Powder particle size 5 µm 40 µm
Table 5.2: The comparison of main parameters of MLS (DMP50 GP machine [91]) and normal
SLS(EOS M 290 machine [92]) systems.
Figure 5.2: Schematic drawing of a standard triangle ISO profile (a) and a buttress (b) thread.
Small features such as threads can be modified, optimized and manufactured by the MLS
method to improve the load support capability of the cell. As an example, we will consider
a buttress thread (Figure 5.2(b)), which is used in high-pressure cells for its favourable perfor-
mance in applications with extremely high unidirectional stress along the thread axis [93]. The
radial components of the thrust can be minimized, and a better alignment can be achieved be-
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cause the pressure flank is almost perpendicular to the thread axis. This feature of the buttress
thread has been utilized in large volume pressures cells such as the Paris-Edinburgh press to
improve the load support capability and the alignment [94]. However, the limitations imposed
by conventional manufacturing methods make it difficult to machine buttress threads with small
pitches on smaller cells, and the minimum pitch of commercially available buttress thread ma-
chining tools is 0.8 mm. In this work we overcome the limitations imposed by conventional
manufacturing techniques and present the first 3D metal printed high-pressure cell (3D-DAC)
for X-ray diffraction at low temperatures.
5.3 3D-DAC design
Figure 5.3: CAD rendered view of the 3D-DAC assembly.
The 3D-DAC is designed for X-ray diffraction experiments at low temperatures generated by
the popular CryostreamTM gas-flow device from Oxford Cyryosystems [21, 95]. CryostreamTM
operates by blowing a stream of cold nitrogen gas onto the sample mounted on a goniometer.
The cross-section of the gas stream is 10 mm in diameter and it is concentrated by a layer flow
of warm and dry gas to prevent the atmospheric moisture from freezing around the samples.
In order to be fitted with the open-flow cryogenic equipment, the miniaturization of the high-
pressure cell is necessary. The pressure cell should be small enough to be fully enclosed by the
82
A Novel Diamond Anvil Cell for X-Ray Diffraction at Cryogenic Temperatures Manufactured
by 3D Printing
Figure 5.4: Cross-sectional view of the CAD model of the cell with key dimensions (in mm).
stream of gas in order to provide efficient cooling and avoid surface icing. Otherwise, due to the
thermal conduction of the pressure cell material, the pressure cell would be covered by ice in the
region outside of the warm and dry shield gas. And the target low temperature for the sample is
difficult to be achieved because the sample volume would be heated up through the cell material
which is exposed into the warm shield gas and the atmospheric temperature. In addition to
overall dimensional constraints, single crystal X-ray diffraction experiments demand a large
opening angle on both sides of the cell to ensure collection of data within a large portion of
reciprocal space. In order to satisfy these criteria, the cell was designed around Boehler-Almax
diamond anvils with an opening angle of 80 degrees. The material of the cell should have high
thermal conductivity to provide efficient cooling of the sample and be corrosion-resistive to
avoid rusting due to the moisture condensing during thermal cycling.
The overall design of the 3D-DAC is presented in Figures 5.3 and 5.4. The bottom diamond
anvil is supported by the body of the cell while the top anvil is mounted in the seat, which is
clamped by the nut. The loading procedure and the operational principles are described below.
Here we focus on the elements of the cell design.
In order to make the cell as small as possible, only one threaded connection was used in pref-
erence to two as in the turnbuckle design. As Figure 5.1 illustrates, in the turnbuckle cell
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design [86], the pitches of the both top and bottom threads are 0.5 mm, so the equivalent pitch
for the overall cell is effectively 1 mm. This means that when the body of the turnbuckle cell
turns one full circle, the total vertical displacement of the top and bottom nuts towards each
other is 1 mm. The improvement compared to the turnbuckle design is that the real pitch for
the 3D-DAC is the same as the pitch of the thread, which is only 0.5 mm. Therefore, an ad-
ditional advantage of this design is that it allows the pressure to be changed in smaller, more
stable and controllable increments than in miniature DACs based on the turnbuckle design with
two-threaded connections [86, 87].
Figure 5.5: The parameters of the customized buttress thread used in the 3D-DAC design (mm).
The optimal type of the thread for axial load engineering applications is a buttress thread. In
the absence of any other alignment mechanisms, the buttress thread aids the alignment of the
anvils because the flank supporting the load is nearly perpendicular to the axis of the thread.
In addition, compared to the other types of threads, the buttress thread can be used to obtain
a greater strength at the root [75]. However, the minimum pitch of commercially available
buttress thread machining tools is 0.8 mm, which is a rather coarse pitch in the context of
the present application. Use of 3D printing technology enables manufacturing of finer custom
designed threads. The thread was initially customized using FEA modelling in conjunction
with DIN 20401:2004 [96] for buttress threads (Figure 5.5).
Although MLS can be used to create complex shapes, it places its own constraints on compo-
nent geometry, and the aspect ratio for pins, holes, and wall thickness thus need to follow the
requirements of the specific 3D printing technologies being used [91]. It is also important to
consider carefully the sequence of the printing process. Powders are sintered during the MLS
process using support structures, but unsupported areas, such as the back surfaces of overhangs,
can suffer from poor sintering (Figure 5.6). This would occur, for example, if the printing of
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Figure 5.6: (a) An example of an overhang structure (green component) in the MLS process.
The red arrow shows the direction of the printing process. (b) The sintered back
surface of the overhang structure without supports. (c) Overhang structures should
be supported by additional structures (yellow component) during the MLS process.
The angle of the supports from the horizontal plain should be higher than 30 de-
grees [91].
Figure 5.7: The final printing sequence of the cell components. The red line is the base-line of
the printing process and the red arrow is the direction of the printing process.
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Figure 5.8: (a) Rendered view of the assembly of the cell and the clamp. (b) Cross-sectional
view of the CAD model of the DAC and two adjustable plates. Three screws are
used to apply load on the DAC. The top and bottom adjustable plates, each of
which is aligned and clamped by a set of three set screws, are used to restrict the
rotation of the cell when the nut is rotated to lock the pressure.
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two buttress threads were to be attempted in a turnbuckle design: one of the threads would
become an overhang because the symmetrical geometry of the two threads. Printing sequences
therefore need to be formulated to avoid these problems. The final printing sequence of the
3D-DAC components are in Figure 5.7.
The assembly of the cell and the clamp is shown in Figure 5.8. The pressure cell is placed into a
specially designed clamp [74] for increasing pressures and clamping the loads (Figure 5.8(a)).
The clamp has two adjustable plates to fit into the body and the seat of the cell, which constrain
the rotation of the cell when the nut is rotated to lock the pressure. Hexagonal geometry is used
at both ends of the cell to supply sufficient torsion when the nut is rotated. However, on the top
of the cell, the seat part does not have enough thickness for a conventional straight hexagonal
cut-out. In order to keep the seat robust enough to withstand the torque during clamping, an
angled hex profile was used. A straight hexagon geometry is used on the end of the body part
to supply sufficient torque during the loading. The clamp provides optical access through the
holes in the top and bottom adjustable plates (Figure 5.8(b)) to the sample cavity, enabling
the use of ruby fluorescence to measure pressure. The culet size of the diamond was chosen
to be 600 µm because this provides a conveniently-sized cavity for single crystal diffraction
measurement using in-house equipment.
5.4 FEA simulation
The stress distribution in the cell components should be estimated or calculated, prior to the
construction of the cell, in order to minimize its dimensions as well as to determine the bearing
capability of the cell, optimize the design and compare the performance between the customized
buttress and the standard triangle threads. Due to the complicated geometric shapes of the
anvils and the thread, the accurate stress calculations are challenging with analytical equations.
Therefore, FEA modelling is used in this project.
5.4.1 FEA Model
Of the various components of the cell, the thread has the lowest wall thickness and in addition
the stress is concentrated at the thread roots. The likely failure points can thus be expected
to appear at the thread. In addition, since the stress distribution is not fully axisymmetric,
especially at the undercut of the thread, 3D FEA models with the customized buttress thread
87
A Novel Diamond Anvil Cell for X-Ray Diffraction at Cryogenic Temperatures Manufactured
by 3D Printing
and the standard triangle thread were built to conduct the simulation. In order to reduce the
computational time, only the body part and the nut part were included into the model to simulate
the stress distribution in the buttress thread and the triangle thread, respectively. The FEA
models were created in ANSYS Workbench 15.0 R© software package [97].
Because of the complexity of the contact stress analysis at the bolted joint regions and the
stress concentrations at the thread roots, the stress distribution in these parts is expected to be
complex. Therefore, a finer mesh was generated in these parts. For the parts far away from the
connections where the stress distribution is simpler, the mesh was coarser in order to decrease
the memory and computational time but still get a relatively accurate result.
A progressively increasing reaction force from the anvils onto the body and the nut was mod-
elled as the load on the cell. The maximum equivalent stress in the thread was found to equal
the tensile yield strength of MLS 316L stainless steel when the force of 1.5 kN is applied on
the cell with the buttress thread. This is equivalent to an average pressure of 5.2 GPa on the
culets of the diamonds. The fix of contact surface between the diamond anvil and the body is
chosen as the boundary condition.
5.4.2 FEA Results
Figure 5.9 presents the section view of the cell illustrating the stress distribution in the buttress
thread at a pressure of 5.2 GPa on the culets. As expected, the simulations show that the maxi-
mum equivalent stress occurs at the roots of the thread because of the stress concentration. The
maximum equivalent stress value in the thread is 675 MPa, which occurs at the top turn of the
internal thread in the nut. This value is equal to the material tensile yield stress. Therefore,
the maximum average pressure the cell can support with the buttress thread is, in principle,
5.2 GPa. However, according to Sadkov and Solodukhina [98], the maximum pressure in the
sample volume is in practice about three times the averaged pressure on the culet due to the
friction between the anvils and the gasket and the smaller diameter of the sample cavity com-
pared to the culet area. Therefore, a maximum pressure in excess of 15 GPa can be expected
for the critical load of 1.5 kN for 600 µm culets.
In order to compare the performance of the buttress thread and the triangle thread, an FEA
model with similarly dimensioned standard triangle thread was created. The stress distribu-
tion and the comparison between the two models are shown in Figure 5.10 and Figure 5.11,
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Figure 5.9: The equivalent stress distribution in the buttress threads based on the FEA results
under the load of 5.2 GPa on the culets. The cross section is chosen where the max-
imum stress occurs in the first turn of the thread. The maximum stress is 675 MPa,
which occurs at the top turn of the internal thread.
respectively.
Figure 5.10 shows that the maximum equivalent stress has a value of 742 MPa at the first
engaged internal thread. This value is 10% higher than that in the buttress thread model. Fig-
ure 5.11(a) presents the stress distribution in the internal thread roots. The results are in agree-
ment with Chen’s simulations [99] and Yamatoto’s method [100]. The stress distribution in
the buttress thread is more uniform than in the triangle thread. Figure 5.11(b) shows the stress
distribution in the external thread roots. The trend differs from that in the thread connection
because the non-uniformity of the hole at the centre of the body results in different stiffness in
the threaded parts and a reduction of the gradient of the stress distribution in the thread. For
the triangle thread, the stress decreases on the 4th thread since the last turn of the thread pair
is not fully engaged. As can be seen from the comparison between the buttress thread and the
triangle thread (Figure 5.11(a)), the stress distribution in the buttress thread is more uniform,
which gives a lower maximum equivalent stress at the root. This helps to increase the load
support capability and the service pressure of the DAC.
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Figure 5.10: The equivalent stress distribution in the triangle threads based on the FEA results
under the same load as in Figure 5.10. The cross section is chosen where the
maximum stress occurs in the first turn of the thread. The maximum stress is
742 MPa, which occurs at the first engaged internal thread. Due to the shape of
the threads the stress is more localized in the vicinity of the triangle thread root
and thus the stress distribution in the triangle threads is less diffuse than it is in
the buttress threads.
5.5 Experimental test
The cell was constructed from stainless steel 316L by 3D MicroPrint GmbH [91] using the
MLS method and then polished. The weight of the 3D-DAC is 2 grams, which results in rapid
thermal equilibration when exposed to the gas stream of the CryostreamTM. The cell parts and
the assembly are shown in Figure 5.12. In all tests, BERYLCO 25 was used as the gasket
material, purchased in half-hardened form from NGK Berylco and subsequently heat treated
for 2 hours at 315◦C for optimal gasket properties. The gaskets were pre-indented to 100 µm
from 250 µm thickness with a 150 µm diameter sample hole that was hand-drilled.
5.5.1 Pressure test
A pressure test for the 3D-DAC was performed prior to any further tests. The diamond anvils
were attached to the body and the seat using a sparing quantity of epoxy glue. Alignment of
the anvils was achieved through the precision of the manufacturing of the parts. The gasket
was placed in the cell and loaded with a single ruby sphere and a 4:1 methanol-ethanol mixture
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Figure 5.11: The comparison of the stress values between the buttress thread and the triangle
thread. The stress values are sampled at the roots of the thread which have the
stress concentration effect. (a) The stress distribution in the internal thread. (b)
The stress distribution in the external thread.
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Figure 5.12: Photographs of the 3D-DAC parts (a) which are constructed by 3D micro laser
sintering (b). There are 4 holes with the diameter of 1 mm circumferentially
equispaced on the body part for checking the alignment of the diamonds and
mounting the DAC on the goniometer head of the diffractometer.
as the PTM. No lubrication is used on the threads. The load was gradually increased to reach
a pressure of 14.87 GPa, as measured by ruby fluorescence. The R1 line wavelength was
measured as 699.38 nm, with the reference R1 wavelength of 694.18 nm at ambient pressure.
The wavelength of 699.38 nm was converted into pressure of 14.87 GPa based on the calibration
by Dewaele et al. [62]. There was no visible damage to or deformation of any parts of the
pressure cell. Figure 5.14 shows the load of ruby and 4:1 methanol and ethanol mixture for the
pressure test and the deformation of the gasket hole under 14.87 GPa in the sample cavity.
For the pressure of 14.87 GPa, the applied load as measured by the load cell was 2 kN. The cor-
respondence between the load and the pressure it generated is strictly speaking not reproducible
as it is affected by a number of factors such as the gasket material, PTM, the friction between
threads, the friction between the press and the clamp, etc.. Therefore, the applied load in the
experiment might be somewhat different than the load modelled in FEA simulations. However,
in addition to allowing to estimate the pressure on the sample, monitoring the total load with
the load cell allows users to monitor and reproduce the locking load in order to change pressure
to a new value.
5.5.2 Crystallographic test
Two sets of experiments were carried out in order to determine (i) whether the temperature at
the sample is equal to the set-point of the cryostream, (ii) the effect that cooling the cell has on
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Figure 5.13: The ruby fluorescence data with the R1 line wavelength of 694.18 nm. The refer-
ence R1 wavelength is 694.18 nm at ambient pressure.
Figure 5.14: The load of ruby and 4:1 methanol and ethanol mixture for the pressure test and
the deformation of the gasket hole under 14.87 GPa in the sample cavity.
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the pressure in the sample cavity and (iii) whether the cell was capable of producing adequate
data for crystallographic structural refinement. In order to address these questions, the cell was
loaded with single crystals of sodium chloride (NaCl) and deuterated hexamethylenetetramine
(HMT-d12). Initially no pressure-transmitting medium was included to ensure that the sample
remained at ambient pressure.
Figure 5.15: The DAC in the diffractometer at 120 K. The DAC is mounted on the DAC holder,
which is made from polyether ether ketone.
Figure 5.16: (a) Axial procession image reconstructed from diffraction data at 1.7 GPa and
120 K. No ice is observed in the diffraction pattern (b) Diffraction image taken at
1.7 GPa and 120 K. Again no ice rings are observed.
The cell was mounted on a Bruker APEX-II diffractometer and a data collection was performed
at room temperature (296 K) using the strategy of Ref. [101]. The cryostream was cooled at
a rate of 360 K/h to the temperature of 120 K before the cell was re-mounted and allowed
to equilibrate for 30 minutes (Figure 5.15). Minimal icing was observed on the cell during
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the entire course of the experiment (8 hours) and no ice rings were detected in the diffraction
patterns (Figure 5.16).
For the purposes of calibration, the lattice parameter of NaCl was also determined on the same
instrument in a series of ambient pressure data collections at 120, 150, 200, 250 and 300 K
where the sample was mounted on a fibre. Comparison of the calibration data with the lattice
parameters of NaCl determined from the pressure cell measurements indicates that when the
cryostat set-point was 120 K, the sample temperature was 120 K (±15 K)(Figure 5.17).
Figure 5.17: a axis length of NaCl determined on a fibre at a previously calibrated position
under an Oxford Cryosystems Cryostream (black circles). The black dashed line
is a linear fit to the data. a axis length of NaCl determined in the cell at zero pres-
sure (black squares) at 298 K and 120 K. (Insert) Estimated pressures determined
from the a axis length of NaCl at 298 K and 120 K.
The cell was subsequently disassembled and DAPHNE-7373 PTM, chosen for its known hy-
drostaticity at low temperature, was introduced as a pressure-transmitting medium [102]. A
load was applied on the cell until a pressure of 1.7 GPa was observed via ruby fluorescence.
Data collections were then carried out at room temperature and 120 K as described above and
the pressure was confirmed to be 1.7 GPa, from the NaCl equation of state (EOS) [103]. The
estimated pressure was further corroborated against the low temperature high-pressure EOS of
HMT-d12 [104] and found to be consistent within 0.05 GPa.
Structural refinement against the diffraction data for HMT-d12 was possible in all cases and
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Figure 5.18: Structural refined data of HMT-d12 at room temperature and pressure (left) and
120 K and 1.7 GPa (right). Atomic displacement ellipsoids are contoured at the
50% probability level.
provided high-quality structural refinements of atomic positions and thermal parameters of the
carbon and nitrogen positions. All four data sets had final R-factors of <5% (Table 5.3 and
Figure 5.18), marginally higher than the data sets collected on a fibre (120 K R1 = 3.26%;
296 K R1 = 3.89%).
The 296 K and 120 K refinements at ambient pressure, can be directly compared to the equiva-
lent refinements of crystals of HMT-d12 mounted on the fibre, in order to estimate the level of
error introduced by collecting in this new high-pressure cell. For both atomic positions and Ueq
the parameters are consistent within 3 σ.
5.6 Conclusion
A new miniature high-pressure cell was designed and manufactured by the micro laser sinter-
ing technique. The additive manufacturing method gives more space for the complex geometry
of the cell design. In addition, SLS technique creates a steel with more refined microstruc-
tures compared to conventional manufacturing, resulting in enhanced mechanical properties. A
buttress thread was used in the cell to reduce the stress concentrations and improve the load
support capability. The cell was experimentally tested by collecting X-ray diffraction data at
low temperature and high pressure. It was established that the sample temperature in the cell
is the same as when the sample is measured with conventional mounting at ambient pressure,
implying that re-calibration of the cryostat is unnecessary. The metallic construction of the
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Temperature (K) 298 120 296 120
Pressure (GPa) Ambient Ambient 1.7 1.7
Radiation wavelength (Å) 0.71703
Diffractometer APEX 2
Crystal system Cubic (I-43m)
a (Å) 7.0211(4) 6.6920(6) 6.7499(11) 6.7140(10)
V (Å3) 346.11(6) 337.44(9) 307.53(15) 302.65(14)
Crystal size (mm) 0.075×0.075×0.075
Dx (Mg m−3) 1.345 1.380 1.514 1.538
µ (mm−1) 0.090 0.092 0.101 0.102
F(000) 152.0 152.0 152.0 152.0
2θ range min./max. 8.21 to 44.514 8.28 to 45.752 8.54 to 46.404 8.586 to 45.778
Index range
-6≤h≤6, -7≤h≤7, -5≤h≤5, -7≤h≤7,
-7≤k≤7, -6≤k≤6, -7≤k≤7, -7≤k≤7,
-6≤l≤6 -6≤l≤6 -7≤l≤7 -5≤l≤5
Reflections collected 534 528 479 459
Independent reflections
56 56 52 49
[Rint=0.0278, [Rint=0.0172, [Rint=0.0829, [Rint=0.0915,
Rsigma=0.0220] Rsigma=0.0097] Rsigma=0.0637] Rsigma=0.0413]
Data/restraints/parameters 56/0/8 56/0/8 52/0/8 49/0/8
Final R indexes [I≥ 2σ(I)] R1=0.0389, R1=0.0326, R1=0.0417, R1=0.0474,
wR2=0.1103 wR2=0.0731 wR2=0.0823 wR2=0.0763
Final R indices [all data]
R1=0.0486, R1=0.0357, R1=0.0948, R1=0.0707,
wR2=0.1148 wR2=0.0746 wR2=0.0890 wR2=0.0790
Largest diff. peak/hole/e Å−3 0.10/-0.18 0.09/-0.15 0.13/-0.18 0.08/-0.12
Table 5.3: Crystallographic data of HMT-d12.
pressure cell body ensures a small temperature gradient within the anvils and the sample cav-
ity. In addition, the sample pressure does not change with temperature on cooling, which we
attribute to the interplay between the small size of the components and the thermal expansion
coefficients of the materials used in the construction.
FEA simulations indicate that use of a buttress thread enables higher pressures to be attained
than with a standard triangle thread, but the use of the micro laser sintering technology is
critically important for realizing this advantage in practice. In future work, the profile of the
buttress thread will be further optimized using FEA simulations with the aim of forming a
higher root circular-arc radius and a greater thickness at the tooth root, enabling the load to be
increased over the present design, within an even smaller cell.
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The 3D-DAC also shows promise for use in neutron diffraction experiments because of the
small wall thicknesses and thus low absorption. The large step in path lengths through the cell
body at the bottom of the nut would complicate the correction for absorption though. Fur-
thermore, with the development of new material powders for the MLS technique, cells can be
fabricated with higher strength alloys, such as titanium alloy Ti-6Al-4V.
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Chapter 6
A 2D Multi-Channel Collimator for
Synchrotron X-Ray Diffraction at
High Pressures Manufactured by 3D
Printing
This chapter presents a 3D printed tungsten collimator which improves the data quality in XRD
experiments at synchrotron radiation facilities. The XRD data processing is challenging due to
the low signal-to-noise ratio with the use of diamond anvil cells. The main background noise in
diffraction data is the Compton scattering from opposed diamond anvils. It is difficult to distin-
guish such noise and subtract it from the diffraction spectrum profile because its profile varies
with changing pressures and temperatures. Besides, the signal from samples is quite weak due
to the small sample volume in diamond anvil cells. In order to improve the signal-to-noise ratio
in synchrotron XRD experiments, a novel multi-channel collimator has been designed and con-
structed using the selective laser melting technique. This is the first 3D printed multi-channel
collimator for high-pressure synchrotron XRD research. This device can block most of the
noise from surrounding materials and improve the signal-to-noise ratio significantly. A series
of simulations have been conducted to clarify the influences of several key parameters on the
performance of the collimator and to determine the optimum multi-channel collimator design.
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6.1 Introduction
The investigation of matter under extreme conditions, such as high pressure, is an essential
field of research using X-ray diffraction. Although the X-ray sources in laboratory can be used
for the preliminary research of matters under pressures, the sample volume is more compact
under higher pressure and is not enough for the proper information acquisition due to the lack
of photon flux. The 3rd generation synchrotron X-ray sources, such as PETRA III beamlines
at Deutsches Elektronen-Synchrotron (DESY), have high flux and high brilliance, which can
be used to study the structural properties and phase diagrams of materials under pressures up
to hundreds of gigapascals, using small sample volumes [40, 105]. Low-Z materials, in which
chemical elements have a low atomic number of protons in the nucleus, are particularly impor-
tant in the research of physics and geophysics [106]. However, the synchrotron XRD signal
of low-Z materials is weak because the electron clouds of low-Z elements have a thin den-
sity and as a result, fewer photons are scattered by the element with a smaller scattering cross
section [32]. Therefore, there is a challenge of obtaining the XRD signal from low-Z mate-
rials under high pressures due to the small scattering cross section of low-Z elements and the
small sample volume, even with the use of the high-brilliant and high-flux synchrotron X-ray
sources [40].
Figure 6.1: Illustration of Compton scattering. A photon of wavelength λ comes in from the
left, collides with a target particle, and a new photon of wavelength λ′ emerges at
an angle 2θ. The target recoils, carrying away an angle-dependent amount of the
incident energy ∆E.
Diamond anvil cell is an important instrument for the study of material properties under high
pressures. In comparison with other types of high-pressure cells, such as piston cylinder cells
and Paris-Edinburgh cells, DACs can be used to generate higher pressures, while the sample
volume in DACs is relatively small. However, DACs are particularly suited for high pressure
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generation in XRD experiments because X-ray sources have higher flux and therefore, a large
amount of samples is not always required in XRD experiments, especially with the use of
synchrotron X-ray sources. In most cases, diamond anvils can be regarded as transparent to X-
rays. While with the sample of low-Z materials, which have weak XRD signals, the background
noises from the diamond anvils and pressure transmitting medium surrounding the sample re-
duce the signal-to-noise geometrical factor (S/N ) of the XRD data further. The most annoying
noise is the Compton scattering from the diamond anvils. Compton scattering is a scattering of
photon by a charged particle, in which the energy of the photon decreases and its wavelength
increases (Figure 6.1). As a type of non-resonant inelastic scattering of X-rays, Compton scat-
tering is always considered as a background noise in high-pressure X-ray research, especially
for the samples with weak signals [107]. It is quite difficult to obtain the Compton scatter-
ing profile from the diamond anvils as different region of the anvil is under difference stress
state and the stress state also changes with the loads on the pressure cell, which makes the
background noise too complicated to be subtracted digitally.
Figure 6.2: Photographs of different tested anvils. (a) Diamond anvils illustrating the change
in diameter from standard design down to 1 mm diameter. (b) Diamond anvils
illustrating the decrease in thickness from standard design to the smallest 0.48 mm
miniature diamond anvil tested here [33].
There are two obvious methods to deal with the effects of Compton scattering in order to reduce
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the background noise from the diamond anvils. One is using a smaller and thinner diamond
anvil to conduct the high-pressure XRD experiments [33]. The background noise from the
miniature diamond anvils can be cut down with the use of reduced-thickness diamond anvils,
due to the smaller material volume of Compton scattering. The comparison between the stan-
dard Boehler-Almax diamond anvil and its miniaturized versions are shown in Figure 6.2. The
custom diamond anvil with a 0.48 mm thickness allows the pressure generation to 70 GPa.
Although miniature diamond anvils can improve the signal-to-noise ratio, especially for low-Z
material samples, the cost for customized diamond anvils is still quite high and it also limits the
pressure generation over 70 GPa.
Figure 6.3: Illustration of the MCC collimation effect on the scattering in different planes.
Another way to minimize the background noise from the materials surrounding the sample
is introducing Soller slits or a multi-channel collimator setup, between the pressure cell and
the detector. The first collimator for high-pressure experiments was designed by Yaoita et al.
in 1997 [34]. Then a series of improved and optimized versions of MCC has been used in
synchrotron XRD experiments [39, 40]. The slits consist of a series of thin metal blades, which
have a great absorption coefficient to X-rays, such as lead or tungsten. These long and narrow
slits can only allow the scattered rays from the sample volume through and block the scattering
from the diamond anvils and other surrounding materials. As Figure 6.3 illustrates, Soller slits
102
A 2D Multi-Channel Collimator for Synchrotron X-Ray Diffraction at High Pressures
Manufactured by 3D Printing
can collimate scattering perfectly in Oxz plane, while there is few collimation effects in Oyz
plane. Therefore, the further improvement of the overall signal-to-noise ratio is limited by the
Soller slit design.
In order to improve the signal-to-noise ratio further, a 2D MCC, which can collimate the scat-
tering two-dimensionally, is required. There are some existing designs of 2D collimator for
neutron or X-ray scattering research with a honeycomb or square shape of the channel instead
of a slit [41–44]. However, these designs are not suitable for high-pressure XRD experiments
because the channel sizes are too large to be used for the small sample volume in a DAC. The
difficulty of constructing an 2D MCC for high-pressure XRD research is the precisely control-
ling and machining of the channel size of the 2D MCC for the small sample volumes in DACs
and their geometry modelling. In this project, a 2D MCC for XRD experiments in a DAC was
designed and the effects of the geometric parameters of the 2D MCC channel were discussed.
The 2D MCC was then manufactured by selective laser melting technique.
6.2 SLM technique for 2D MCC manufacturing
SLM technique is a process of constructing components layer by layer with the use of fine
metal powders by a high energy density laser beam (see Chapter 3). The material for con-
structing the 2D MCC is chosen as pure tungsten, which has a high density and high absorption
coefficient to X-rays. This property of tungsten offers excellent radiation attenuation and it is
ideal for the manufacturing of collimators to improve the signal-to-noise ratio for low-Z mate-
rial XRD experiments. The most important and functional feature in a 2D MCC is the array of
long and narrow channels. As tungsten material has high hardness and brittleness, it is almost
impossible to machine small holes with high aspect ratios using conventional subtractive manu-
facturing method. That results in the importance and the necessity of the use of SLM technique
to construct the channel features in the 2D MCC. There are some design rules for the 2D MCC
design manufactured by AM process, though it has the advantage in building the channel ar-
ray. The minimal wall thickness of the SLM tungsten manufacturing is about 0.2 mm [108].
The wall thickness between channels will block signals from a sample at particular diffraction
angles where the wall sits, then some information will be lost, which is not desired in XRD
experiments. Therefore, the minimum wall thickness should be used in the 2D MCC design.
However, the channel walls with a finite thickness are necessary for the X-ray attenuation and
for the support of the higher melted layer during the SLM process. Another important design
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rule is the diameter of the hole or the gap of the walls. According to the SLM tungsten manu-
facturer, the minimal channel diameter in SLM tungsten process is 0.25 mm [108]. Below this
value, the channel or the gap would be blocked and the channels would not be formed due to
the finite SLM process precision. The surface roughness Ra is usually lower than 12.5 µm in
this process.
6.3 2D MCC design
Figure 6.4: Schematic layout of the MCC system.
The aim of this project is to design a 2D multi-channel collimator, which can shield the scatter-
ing from the materials surrounding the sample volume and improve the signal-to-noise ratio of
the XRD data in the DAC environment. The schematic of the collimation process by a 2D MCC
is shown in Figure 6.4. The noise is mainly from the Compton scattering of the two diamonds.
Therefore, the collimation of the scattering from the sample is necessary. The overall collima-
tion angle of the 2D collimator is 60◦, which matches with the opening angle of the DAC. The
2D collimator is composed with the array of angle-dispersed rectangular pyramid channels and
other assistant parts for the setup on the DAC. The design rules for SLM process are considered
during the determination of the 2D MCC geometric parameters.
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Figure 6.5: Schematic description of the solid angle Ω, that can pass through a given channel
of the 2D MCC, scattered from a particular position along the X-ray beam. The
origin corresponds to the rotation centre of the 2D MCC.
6.3.1 Mathematical model
Figure 6.5 illustrates the solid angle Ω(x, y, z), that can pass through a given channel of the 2D
MCC, scattered from a particular position (x, y, z) in the sample or the diamond anvils along the
X-ray beam. The geometric parameters of the 2D MCC, which are decisive to the collimation
performance of the 2D MCC, are also shown in Figure 6.5. In principle, there are 4 parameters
of the channel with the square cross section, which determine the signal-to-noise ratio of the
collimator: the inner radius R1 which defines the distance between the sample position (the
rotational centre of the collimator) and the entrance of the collimator channels, the outer radius
R2 which defines the distance from the sample position to the exit of the collimator channels,
the width of the channel at the entrance w1 and the width of the channel at the exit w2.
The integration of Ω(x, y, z) over the diffraction volume through the X-ray beam reflects the
brightness of the channel. Ideally, the value of Ω(x, y, z) is expected to be high within the
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sample volume and is preferred to be low where the position (x, y, z) is in the diamond anvil.
In order to investigate the intensities of diffraction from the sample and the background, the
integrations of Ω(x, y, z) are calculated over the volume inside and outside the sample along










S is the geometrical factor of the signal, intergrated from the diffraction intensities over the
sample volume. N is the geometrical factor of the background noise, intergrated from the
diffraction intensities over the anvil volume. The influences of the parameters R1, R2, w1 and
w2 on the signal-to-noise ratio of the 2D MCC are calculated based on the Equation 6.1 with the
use of the Newton-Cotes integration methods [78]. The relationship between these parameters
and the signal-to-noise ratio of the collimator channels is the most crucial guidance for the
improvement of the 2D MCC performance.
6.3.2 Simulation
In the simulation, the X-ray beam size is considered as a square of 5× 5 µm2. The thickness of
each diamond anvil and the sample along the incident X-ray direction is 2.2 mm and 100 µm,
respectively, which is close to the experimental setup parameters. The simulation process is
conducted using the software MATLAB R2016b R© [109]. The simulation focuses on the in-
fluences of the geometric parameters R1, R2, w1 and w2 on the signal-to-noise ratio of the
2D MCC and the relationships among these parameters, in order to determine an optimum 2D
MCC design. Since the performance of the collimator differs with different diffraction angle
2θ [41], the simulations are conducted at 2θ = 25◦ as a simplification. It is assumed that the
material of the collimator has a perfect absorption to the scattered rays from both the sample
and the background materials.
A simulation of S/N (signal to noise geometrical factor) with variations of inner and outer
radiusR1,R2 is conducted based on the established model above. The values of channel widths
are fixed as w1 = 200µm and w2 = 300µm to control the influence of these two variables. The
simulation results and the analysis are shown as below.
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Figure 6.6: Simulation results of S/N at 2θ = 25◦ with variations of the collimator inner and
outer R1, R2. The channel widths are selected as w1 = 200µm and w2 = 300µm.
Figure 6.6 represents the simulation results of S/N depending on changing R1 and R2. A
higher S/N value can be achieved with a lower R1 and a higher R2, which also means a longer
length of the channels and a higher ratio of R2 to R1. A small R1 and a large R2 help to
reduce the valid field of integration of the noise and therefore, to reduce the noise intensity
from the background. They also decrease the solid angle Ω(x, y, z) from both the sample and
the diamond anvils, passing through a channel of the 2D MCC. As a result, the overall effect
appears as the improvement of the S/N with a small R1 and a large R2.
The solid lines in Figure 6.6 indicate the contour lines of the S/N map. Also, the points on
the same contour line correspond to the same value of R2 to R1 ratio. In other words, the S/N
keeps the same when R2/R1 is selected, no matter what individual values of R2 and R1. This
feature figures out that the R2/R1 value is a dominating factor for the S/N determination of
the 2D MCC, instead of the length of the channel, the individual value of R1 or the individual
value of R2. The higher of the R2/R1 is, the better of the S/N can be achieved. In the 2D
multi-channel collimator design, an excellent S/N can be achieved even with a short channel
length or a small 2D MCC in volume and mass, only if the inner radius of the 2D MCC R1 is
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small enough to increase the R2 to R1 ratio. Based on this design principle, the length of the
channels can be much reduced and therefore, the difficulty of manufacturing the relatively long
and narrow channels is decreased.
The features and influences ofw1 andw2 on the S/N of the 2D MCC are simulated and studied,
combined with variations of R1 and R2. The relationships between the S/N and the channel
widths are shown in Figure 6.7.
Figure 6.7(a) illustrates the S/N values depending on the varying of channel width w1 and w2
with R1 = 25mm and R2 = 50mm. Apparently, the smaller the values of w1 and w2 are,
the higher S/N can be achieved with the use of the 2D MCC. Smaller channel widths can
block the scattering rays from the diamond anvils more effectively without much reduction of
the signals from the samples. Therefore, the S/N of the scattering data is improved through
narrower channels of the 2D MCC. However, due to the limit from the manufacturing tech-
niques, the width of the channel cannot be infinitely small. A compromise between the high
S/N performance and the manufacturing technique limit should be made.
Moreover, for a selected value of w1 in Figure 6.7(a), the S/N cannot be improved further
when the value of w2 is lower than it on the dashed line. That is because the channel exit
width w2 becomes the main factor blocking the scattering rays from both the sample and the
background when w2 is lower than it on the dashed line. The sample signal and the background
noise are reduced proportionably with the further decrease of w2. As a result, the S/N cannot
be improved with a selected value of w1 and a further reduced value of w2 under the dashed
line. Similarly, for a selected value of w2, the S/N keeps the same when the value of w1
is lower than it on the dashed line. The point (w1, w2,) on the dashed line can be regarded
as the optimal solution with the selected R1 and R2, because it is the optimal compromise
between the manufacturing difficulty and the S/N performance. Therefore, the dashed line,
which passes through the point (0, 0), is the set of the optimal solutions. In the comparison
of Figure 6.7(a), (c) and (e), it can be concluded that the slope of the dashed line is equal
to the value of R2 over R1, no matter how large of the individual value of R1 or R2. This
conclusion is also compatible with the conclusion from Figure 6.6. Furthermore, not only the
position of the optimal solutions, but also the values of S/N of the 2D MCC are determined by
R2/R1, rather than the individual value ofR1, R2 or the length of the channel, according to the
comparison between Figure 6.7(a) and (b), (c) and (d), and (e) and (f), respectively. Therefore,
the geometric parameters which determine the performance of the 2D MCC are reduced to 3
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Figure 6.7: Simulation results of S/N at 2θ = 25◦ with variations of channel width w1, w2
and the collimator inner and outer radius R1, R2.
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independent parameters: w1, w2 and R2/R1. And with selected R2/R1, the optimal solutions
locate at the points where w2/w1 = R2/R1.
To summarize, there are 3 independent variables which are dominant parameters for the S/N
determination of a 2D MCC: ratio of the outer and inner radius R2/R1 of the 2D MCC, the
channel width at the entrance w1 and the channel width at the exit w2. With a selected R2/R1,
the optimal S/N solution occurs when w2/w1 = R2/R1. The selection of R2/R1, w1 and w2
should be based on the simulation results above. The manufacturing techniques and the setup
environment requirements should also be considered during the design process.
6.3.3 Final Design and Setup
The simulation results of S/N against w1, w2 and R2/R1 are the guide for the optimal channel
design. According to the analysis above, a high R2/R1, small w1 and w2 = R2/R1 × w1
should be selected to achieve the optimal channel design. The inner radius R1 can be chosen
as 25mm, which fits with most DACs. A conical collimation angle of 60◦ should be used to
cover all scattering rays from the DACs’ opening window. Pure tungsten, which has a high
density of 19350 kg/m3 and high absorption coefficient to X-rays, is used as the construction
material of the collimator. In practice, the weight of the 2D MCC increases significantly with
the improvement of R2/R1. The relationship between the mass of the 2D MCC regardless of
the channels and the R2/R1 with R1 = 25mm, and the relationship between the S/N and the
R2/R1 with R1 = 25mm, w1 = 200µm, w2 = 300µm, are shown in Figure 6.8.
According to Figure 6.8, the increase of the S/N and the mass of the device is not linear with
the increase of the outer radiusR2. The S/N rises slower and slower while the collimator mass
increasingly rises with the increase of R2. In other words, the cost performance ratio is high
when R2 is small. And a lower weight of the device makes the setup and the motion control
of the 2D MCC much easier. In addition, due to the finite stiffness of the materials, a low
weight of the collimator is advantageous to the alignment between the sample position and the
channels. Therefore, a compromise between the high S/N and the low weight of the 2D MCC
should be conducted. In this design, R2 is chosen as 50 mm, with the selected R1 = 25mm. At
this point, the S/N value is good and it is not easy to be improved much further with a higher
R2. In the meanwhile, the mass of the 2D MCC is only around 0.6 kg, which is convenient for
the setup in experiments.
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Figure 6.8: Simulation results of S/N at 2θ = 25◦ and the collimator mass with variations of
the collimator outer radius R2.
The minimum wall thickness between channels and the channel width constructed with the use
of SLM technique is 200 µm and 250 µm, respectively. The minimum wall thickness value
is usually dependent on the laser spot size, powder particle size and the kinematic accuracy of
the mechanical system of the SLM machine. The channel width is relative to the mechanical
system of the SLM machine, the roughness of the part surface, the difficulty of the powder
removal from the channels and the length of the channels. In addition, during the hole or the
channel forming in the SLM process, the hole diameter or the channel width is not constant
along the length of the channel if the direction of the hole is the same as the direction of the
building process. As Figure 6.9 illustrates, the hole size usually becomes smaller during the
process due to the flow of the molten metal powders before the solidification.
The distortion of the channels with a high length to diameter ratio during the SLM building
process can be estimated, but cannot be precisely controlled. Besides the channel size design,
the arrangement of the channels in the collimator needs to be considered as well. During the
XRD experiments, the collimator oscillates with a specific frequency in order to compensate
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Figure 6.9: Diagrammatic drawing of the decrescent channel width during the SLM process.
the block of the signals from the sample by the walls between the channels of the 2D MCC.
The diagrams of the 2D MCC with oscillation direction, the arrangement of the channels and
key dimensions are presented in Figure 6.10.
During the 2D MCC oscillation motions, the channels should fully scan all area of the detector,
without any shadows caused by the walls between the channels. Figure 6.10(a) presents the
overall design of the 2D MCC. The oscillation of the device rotates around y axis with the
centre of the sample. The details of the channel arrangement and the key dimensions are shown
in Figure 6.10(b) and (c).
Figure 6.10(b) is the detailed view of the entrance end of the collimator. The wall thickness is
200 µm along x and y axis, which is the minimum value can be achieved by the SLM process.
The channel width along x direction is 250 µm, which is the minimum value by the SLM
process, too. During the oscillation, an overlap of the channels with the adjacent ones should
be guaranteed in the design, in order to make sure that no signal from the sample would be
lost during the measurements. The overlap is chosen as 150 µm, with the consideration of the
effects from the surface roughness of the walls and the distortion of the channels during the
building process. Due to the requirement of the 150 µm overlap, the channel width has to be
increased to 500 µm along y axis, with some sacrifice of the S/N performance.
Figure 6.10(b) shows the detailed view of the exit end of the collimator. Similarly, an overlap of
150 µm is applied along the oscillation direction. The channel width in x direction is 250 µm,
which is the same as the value at the entrance end. Considering the shrinkage of the channel
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Figure 6.10: Views of the 2D MCC CAD model. (a) The CAD isometric view of the 2D MCC.
(b) The detailed entrance view of the 2D MCC with key dimensions. (c) The
detailed exit view of the 2D MCC with key dimensions.
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width during the building process, the actual width at the entrance would be a little bit lower
than 250 µm. Therefore, 250 µm width at the exit end could make sure w2/w1 is lower than
R2/R1. And the S/N value is almost the same as it on the dashed line in Figure 6.7(a). The
channel width along y direction is designed to be 850 µm for the same reason.
Figure 6.11: The simulation results of the S/N value with the variations of the 2θ from 0◦ to
60◦.
The overall S/N performance of the 2D MCC is described in Figure 6.11, based on the pa-
rameters chosen above. Figure 6.11 shows the change of the S/N value against the 2θ from
0◦ to 60◦. With the increase of 2θ, the S/N value of the 2D MCC rises almost linearly. That
is because the diffraction volume corresponding to the collimator channels changes at different
2θ. The length of the diffraction volume along the incident X-ray beam d (2θ) is determined as
the simplified equation below:
d (2θ) = w1/sin (2θ) (6.2)
The spatial selection of the collimator performs better at higher diffraction angles, with a fixed
channel width w1. The diffraction volume of the anvils is reduced at higher 2θ while it has less
influence on the diffraction volume of samples. This is the inherent property of all types of
collimators, including both 1D MCCs and 2D MCCs.
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Figure 6.12: Cross-sectional view of the 2D MCC and its final printing sequence.
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Figure 6.12 presents the cross-sectional view of the 2D MCC final design model and its printing
sequence. For the convenience of the post-processing after building the device, the exit end of
the collimator is designed as flat. It is much easier to be separated from the building base of the
SLM machine and the supports. A ring design is also added to the part for the setup between
the sample and the detector.
6.4 Preparation for experimental test
Figure 6.13: Photographs of the 2D MCC which is constructed by 3D selective laser melting.
The multi-channel collimator, which is for 2-dimensional collimation of high-pressure syn-
chrotron XRD data, was constructed from pure tungsten using selective laser melting technique.
The 2D MCC is shown in Figure 6.13. In order to remove the tungsten powders which are stuck
in the channels, the collimator was carefully and gently cleaned using an ultrasonic bath cleaner
with proper cleaning solution.
Figure 6.14 shows the measurements of channel width dimensions at both entrance and exit end
of the 2D MCC. The channel size at the entrance end is measured as 170±20×460±20 µm,
and the size at the exit end is 170±20×800±20 µm. The channel widths are all smaller than
the designed sizes. As a result, the S/N of the 2D MCC should be improved further due to the
reduced channel widths.
The comparison between the S/N of the eventual printed 2D MCC and the 1D MCC used on
beamline ID27 at ESRF is shown in Figure 6.15, based on the simulation method in the last
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Figure 6.14: The optical microscope photographs and the channel width dimension measure-
ments at both entrance and exit end of the 2D MCC. (a) The entrance end and (b)
the exit end.
Figure 6.15: The comparison between the S/N of the actual printed 2D multi-channel colli-
mator and the 1D MCC used on beamline ID27 at ESRF [41].
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section. The entrance and exit channel width of the 1D MCC is 50 µm and 200 µm, with the
inner and outer radius of 50 mm and 200 mm, respectively [41]. Although the channel widths
of the 1D MCC are smaller than them of 2D MCC, the 1D MCC can only perform effectively
in one direction, instead of a 2D area. According to the results in Figure 6.15, the S/N of 2D
MCC is similar to the S/N of 1D MCC at diffraction angles lower than 17◦. However, the 2D
MCC performs better than 1D MCC when 2θ is over than 17◦. At high angles close to 60◦, the
S/N of 2D MCC is twice the S/N of 1D MCC. This advantage of 2D MCC benefits from the
2D channel design rather than 1D slits, and the SLM technique.
The 2D MCC has been sent to DESY and its performance will be tested on P02 PETRA III
beamline. After the verification of the 2D MCC performance by experimental data, the col-
limator device will be used for high-pressure synchrotron XRD researches of light element
materials, including single crystal, powder and glass forms, in diamond anvil cell environment.
6.5 Conclusion
A 2-dimensional multi-channel collimator was designed and constructed for high-pressure syn-
chrotron XRD research, using selective laser melting technology. The advantage of 2D MCC is
that it can collimate scattered rays effectively in 2D areas instead of just in 1 dimension, which
means this design is capable of improving the S/N significantly. The channel shapes in the 2D
MCC was designed as rectangular rather than the slits in 1D MCC, to collimates the scattered
rays two-dimensionally. This is the first 2D MCC for high-pressure synchrotron XRD research
in diamond anvil cell environment. The selective laser melting technique was used to construct
the rectangular channels in the 2D collimator. They are difficult to be machined by conventional
machining techniques due to their small cross sections and high aspect ratios. The material for
the 2D MCC construction was chosen as pure tungsten, which has an excellent X-ray radiation
attenuation.
The performance of the 2D MCC is mainly determined by the channel parameters: the inner
radius R1, the outer radius R2, the width of the channel at the entrance w1 and the width of
the channel at the exit w2. A mathematical model was established in this thesis to calculate the
S/N value with a given diffraction volume, a selected diffraction angle 2θ and selected channel
parameters. A series of simulations has been conducted with the use of the model to evaluate
their influence of the channel parameters on the 2D MCC collimation performance and figure
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out the optimum solution. According to the simulations, the S/N value is dominated by the
ratio of the outer and inner radius R2/R1, the channel width at the entrance w1 and the channel
width at the exit w2. The optimum design occurs when w2/w1 equals to R2/R1. The final
choice of the channel parameters, the arrangement of the channels and the overall design of
the 2D MCC are made based on the simulation results and the process conditions of the SLM
technique. The simulations illustrate the relationships between the channel parameters and the
S/N value of the 2D MCC clearly. These general conclusions can be applied as a guidance to
other 2D MCC design for high-pressure synchrotron XRD research in different high-pressure
cells.
The applications of 2D MCC will significantly improve the XRD data quality, especially for
light-Z elements. With the rapid development of SLM techniques, a 2D MCC with finer chan-




A Piston Cylinder Cell with an
Electrical Feed-Through Plug for
Inelastic Neutron Scattering
This chapter presents a piston cylinder cell with an electrical feed-through for neutron scattering
experiments. The sample volume of the cell is about 400 mm3 and the load of the cell is
designed to generate pressures up to 1.2 GPa. The design of the plug with an electrical feed-
through allows the use of manganin pressure gauge, which enables to measure the sample
pressure in situ during the cell loading. This pressure measurement method with the use of a
resistance pressure gauge, instead of the use of transitions, is quite convenient to secure the time
and the scope of temperature and pressure during experiments. The accuracy of the pressure
measurement with the use of manganin pressure gauge is excellent for both room and low
temperature high-pressure neutron scattering experiments.
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7.1 Introduction
Inelastic neutron scattering is an experimental technique for condensed matter investigations,
including the research of atomic and molecular motion as well as magnetic and crystal field
excitations [45]. Neutrons in INS experiments are generated by an accelerator or a nuclear re-
actor. INS experiments of condensed matter investigations are routinely performed over a range
of temperature and magnetic fields. Pressure, as another important thermodynamic parameter,
can also be varied during INS experiments in order to change the microstructure of matters to
gain insight into the microscopic physics of many phenomena.
With the development of neutron science and techniques, the performance of neutron sources
has been much improved. However, the flux levels of neutron beams are orders of magnitude
lower than synchrotron X-rays. As a result, the sample volume required for high-pressure
INS experiments is larger to obtain sufficient INS statistic data in a reasonable experimental
time [44]. Gas pressure cells allow a large sample size, and the use of aluminium alloys for the
cell construction to minimize neutron absorption [110, 111]. However, the pressures attainable
in gas pressure are usually less than 1 GPa. On the contract, opposed anvil cells, such as
diamond anvil cells and Paris-Edinburgh presses, can generate highest pressure in laboratory,
while the sample volumes in opposed anvil cells can be limited. Therefore, piston cylinder cells
(PCCs), which offer a sample volume of hundreds of cubic millimetres and a high pressure of
several gigapascals, can be regarded as the compromise between the large sample volume and
high-pressure requirements.
During the operation of piston cylinder cell, the pressure P can be calculated by the load F
applied on the piston and the cross-section area A of the piston end which compresses the
pressure transmitting medium to generate the pressure on the sample. However, the actual
pressure value in the cell is also influenced by the friction between the walls of the piston and
the cylinder parts. As a consequence, a direct measurement of pressure in the sample volume
is necessary during the cell operation to obtain proper experiment results. A transition of a
material can be used as a pressure calibrator in some PCCs, such as the Clamp 04PCL120CB5
cell available at the Institut Laue-Langevin (ILL, France) [49]. Nevertheless, this method is not
convenient to be used in the experiments, because the transition only occurs at some specific
temperature and pressure states. Another common way to measure the pressure inside PCC is
the use of a electric resistance manometer, such as manganin. Manganin is an alloy of 86%
Cu, 2% Ni and 12% Mn, which is an excellent secondary pressure gauge, whose resistance has
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a nearly linearly increase with pressure under 1.3 GPa [57]. However, this method requires a
electronic feed-through between the manganin inside the PCC and a multimeter outside, which
increases the design and sealing difficulty of the high pressure cell.
In this chapter, we present a piston cylinder cell with an electrical feed-though. The sample
volume of this PCC is φ5×20 mm3, which is the same as the sample volume of the Clamp
04PCL120CB5 cell at ILL. The electrical feed-through allows 12 copper wires through, con-
necting the manganin coil inside the PCC and the multimeter outside, which can be used to
measure the pressure in the PCC simultaneously. The sealing mechanism is well designed and
tested under the pressure of 1 GPa.
7.2 Design
The overall design of the PCC is based on the design of Clamp 04PCL120CB5 cell, having the
same sample volume, of about 400 mm3 and also sustaining a maximum pressure of 1.2 GPa.
The design challenge in this project is the sealing of PTM under pressure and the design of
the plug with an electrical feed-through, which allows the use of manganin coil as a pressure
gauge.
7.2.1 Overall design and sealing
The cross-sectional view of the high-pressure cell and its key dimensions are shown in Fig-
ure 7.1. The main components of the PCC for the pressure generation are a cylinder, a piston,
a plug with an electrical feed-through, a locking nut and a locking screw. The cylinder is made
using the material of fully hardened CuBe, which has a high tensile strength of 1.4 GPa, and
has low absorption to neutrons. In order to reduce the neutron attenuation by the cylinder fur-
ther, the thickness of the cylinder should be optimized on the path of the neutron beam. A neck
design is used at the sample position with little sacrificing the strength of the cell body. The
piston and the plug are also made from fully hardened CuBe because of its high tensile strength.
During the pressure generation, the piston is compressed into the cylinder by a hydraulic press
and then locked by the locking nut. A big challenge of the PCC design is the sealing of the
pressure transmitting medium under high pressure. A high pressure in the sample volume
cannot be generated if the PTM leaks from the gap between the piston and the cylinder, or from
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Figure 7.1: Cross-sectional view of the pressure cell assembly with key dimensions (in mm).
The overall length of the cell depends on the position of the locking nut which
changes with pressure.
Figure 7.2: Detailed cross-sectional view of the piston and seal assembly with key dimensions
(in mm).
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the gap between the plug and the cylinder. As Figure 7.2 presents, a wedge-type seal is used
at the piston end. The rubber O-ring can prevent PTM leakage at low pressures, with proper
pre-compression. The annealed cooper seal starts working when the pressure in the PTM is
over 200 MPa, which corresponds to the ultimate tensile strength of annealed cooper. Under
higher pressure, the annealed copper deforms largely and flows into the gap between the piston
and the cylinder walls as a seal. The C-shaped seal retainer is used to prevent the O-ring and
the cooper seal falling into the cylinder bore when pulling the piston out after experiments.
Figure 7.3: Detailed cross-sectional view of the plug and seal assembly with key dimensions
(in mm).
At the plug end (Figure 7.3), the annealed cooper seal is used as an immobile-type seal, to
prevent the PTM leakage between the walls of the plug and the cylinder components. It is pre-
indented before the cell loading. A length of manganin wire with the electrical resistance of
100 Ω is coiled onto the manganin gauge core, as the pressure gauge. The manganin wire is heat
treated at 150 ◦C for 100 h to stabilize its microstructure and reduce the residual stress. Prior
to use, the manganin wire is also cycled between the room and liquid nitrogen temperatures,
and between ambient and the maximum pressure several times, to relief any thermal and stress
hysteresis [112]. The manganin coil is protected by an aluminium cover, which is transparent
to neutrons, from the unexpected attachment or compression of the samples.
Figure 7.4 shows the distribution of the 12 copper wires through the slits on the manganin gauge
core. The base of the precisely machined manganin gauge core has 12 slits, which are used to
separate 12 copper wires evenly. 4 of the copper wires are connecting the manganin gauge
and the multimeter outside the cell. These 4 wires consist of a 4-probe system to minimize the
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Figure 7.4: Top-viewed photograph of the copper wires through the slits of the manganin gauge
core part.
error from the copper wires during the electrical resistance measurement of the manganin coil.
The other wires can be used to measure the electrical property of the sample or can be used as
spare ones. After the proper arrangement of the wires, the sealing of the wire feed-through is
achieved by the mixture of the epoxy Stycast R© 2850 FT and the Al2O3 nano-powders, cured
with 7% by weight of Catalyst 24 LV. This mixture is then pumped to remove air bubbles. The
solidified mixture has a low coefficient of thermal expansion, which makes it suitable for the
feed-through sealing, which experiences the temperature change during experiments.
7.2.2 FEA simulation
According to the design presented by Figure 7.1, the dangerous point occurs at the neck of
the cylinder where the thickness is lower than it at other positions. Therefore, a finite element
analysis for the cell body is necessary to simulate the stress state in the cylinder part at the neck.
The FEA models were created in ANSYS Workbench 15.0 R© software package [97].
Due to the axisymmetric geometry of the cylinder, a 2D FEA model instead of a 3D model
was created, with the use of axisymmetric area quadratic quadrilateral elements to reduce the
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computing time without compromising the accuracy of the simulation results. A progressively
increasing pressure load was applied on the inner surface of the cylinder in the 2D model to
simulate the pressure generated in PTM and the sample volume. The inner diameter of the
cylinder is modelled as 5 mm, and the outer diameter at the neck is 19 mm. The mechanical
properties of fully hardened CuBe used in this simulation are presented in Table 7.1.
Mechanical property Value
Density (g/cm3) 8.26
Young’s modulus (GPa) 130
Poisson’s ratio 0.3
Tensile ultimate strength (MPa) 1500
Tensile yield strength 0.2% (MPa) 1400
Hardness (HV) 440
Table 7.1: The mechanical properties of fully hardened CuBe [?].
Figure 7.5 illustrates the maximum principle stress distribution in the axisymmetric 2D FEA
model, corresponding to the sample pressure of 1.2 GPa. The maximum stress, which occurs on
the inner surface of the cylinder, approaches to the yield strength of fully hardened CuBe alloy
when the sample pressure reaches 1.2 GPa. Therefore, a working pressure below 1.2 GPa in
the sample volume can be achieved using this PCC. A safety margin of 15% should be applied
during the experimental pressure test. In conclusion, the working pressure for this cell should
not be exceed 1 GPa. A steel sleeve with a reasonable thickness should be used to cover the
whole cell as an additional protector during the off-line experiments.
7.3 Pressure measurement and test
Figure 7.6 shows all pressure cell parts and related tools for the unloading process and the pres-
sure measurements in experiments. The assembly process of the PCC starts with the engaging
the plug into the cylinder bore and indenting the copper seal by the compression between the
plug and the cylinder. The original and deformed copper seal are shown in Figure 7.7. After
the sealing of the plug end, the bore of the cell is filled with the pressure transmitting medium,
which is the FluorinertsTM in neutron scattering experiments. FluorinertTM liquids are the ana-
logues of hydrocarbons, which are usually used for neutron scattering experiments at high
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Figure 7.5: 2D FEA model of the pressure cell body with maximum principle stress distribution
calculated for the sample pressure of 1.2 GPa.
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Figure 7.6: The PCC parts and related tools for the unloading process and the pressure mea-
surements in the experiments.
pressure, due to their small incoherent scattering of neutrons [50]. Different FluorinertTM liq-
uids and their mixtures give different hydrostatic pressure limits. The 1:1 mixture by volume
of FC87 and FC84 has hydrostatic pressure limit of 2.3 GPa at room temperature, which can be
used as a PTM in this PCC. The sample and the PTM in the cylinder bore are then enclosed by
engaging the piston with the cooper seal and the O-ring seal into the cylinder bore.
Figure 7.7: The original and deformed copper seals (plug end).
The assembled PCC is covered by a steel safety shield and then a load onto the piston is ap-
plied by a hydraulic press (Figure 7.8). The pressure can be monitored using the manganin
pressure gauge. The resistance of the manganin gauge is usually measured with the use of the
4-probe method to reduce the influence from the resistance of the copper wires in the circuit.
The electrical resistance of manganin gauge has been calibrated as a function of pressure and
temperature [57, 113]. The pressure at any temperature below 352 K can be calculated from the
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Figure 7.8: The assembled PCC under a hydraulic press.
equation:
P (T ) =
R(P, T )−R(P0, T )
R(P0, T )× α(T )
+ P0 (7.1)
where P (T ) is the pressure at a temperature T , P0 is the ambient pressure, R(P0, T ) is the
manganin resistance at ambient pressure and a temperature T , R(P, T ) is the manganin resis-
tance at a pressure P and a temperature T , and α(T ) is the pressure coefficient of the manganin
gauge which varies depending on the temperature T . At a given temperature, the resistance of
manganin gauge is linear against the pressure. In order to calculate the pressure, R(P0, T ) and
R(P,T) are required to be measured.
Accoding to the research of Dmowski and Litwin-Staszewska [113], the pressure coefficient
α(T ) can be described as
α(T ) = (1 + β × (T − T0))× α(T0) (7.2)
where T0 is the room temperature and β equals to −3.80× 10−4K−1 and 2.56× 10−4K−1 for
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temperature below and above 110 K, respectively. α(298K) is confirmed as 0.0234 GPa−1 with
several tests for manganin gauge. Then, the pressure P (T ) in sample volume can be obtained
with the use of Equation 7.2.
Several pressure tests for the PCC have been carried out to confirm the accessible maximum
pressure in this cell and to evaluate the loading performance of the pressure cell at room tem-
perature. The loading curves of the PCC are illustrated in Figure 7.9.
Figure 7.9: Loading curves of the pressure cell. The curve presented by the solid line is the
ideal loading curve calculated from the applied force over the cross-sectional area
of the piston head. The dashed lines with filled symbols represent the data from the
experimental loading processes.
The accuracy of the pressure measurement is less than ±0.01 GPa with the use of manganin
pressure gauge. The accuracy of the load reading according to the scale on the hydraulic press
is±0.5 kN. From Figure 7.9 we can see that the pressure in the sample volume increases almost
linearly with the increase of the load on the piston of the cell. And the experimental loading
curves fluctuate around the ideal loading curves, which is calculated from the applied force
over the cross-sectional area of the piston head. The differences between the experimental and
theoretical loading curves are from the measurement errors and the frictional effects among the
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seals, the piston and the inner wall of the cylinder. Little leaking of the PTM is observed with
the use of the sealing mechanisms mentioned before. A maximum working pressure of 1 GPa
in the sample volume is proved to be accessible in this cell, without any yielding or inelastic
deformations of the cell parts observed.
7.4 Conclusion
A piston cylinder cell with an electrical feed-through for neutron scattering experiments at
ILL was constructed and tested in this project. The main parts of the cell were made from
fully hardened CuBe, which has a high tensile strength of 1.4 GPa. The sample volume of
the cell was designed as about 400 mm3, which can be regarded as a large one for neutron
studies. In order to improve the signal-to-noise ratio for the scattering data, a neck shape was
used in the cell body design to lower the thickness of the cell body material at the sample
position. Furthermore, the absorption of neutrons by the cell material can be reduced without
compromising the strength of the part.
A plug with an electrical feed-through was designed to allow the measurement of the pressure
in the cell in situ, instead of the use of transitions. The pressure is determined by the secondary
pressure gauge whose resistance increases almost linearly with pressure under 1.3 GPa. 12
copper wires can go through the plug and 4 of them are used to connect the manganin pressure
gauge to compose a 4-probe circuit. 4-probe method can reduce the influence of the copper wire
resistance to improve the measurement accuracy. Manganin pressure gauge is a very convenient
and accurate method used in pressure measurements under 3 GPa. Other 8 copper wires can
be kept as spare ones or be used to measure the electrical properties of the samples under high
pressure, such as the resistance.
An FEA model was built to simulate the stress states at the neck of the cylinder, which is the
dangerous part among the overall cell structures. FEA simulations indicate that the pressure
generated in this cell can be up to 1.2 GPa. With applying the safety margin of 15%, a maximum
pressure of 1 GPa in the sample volume is accessible safely in experiments. Several loading
tests were performed for this cell, which confirmed the generation of the maximum pressure
in this cell. And a linear increase of the pressure against the load showed a good loading
performance of the cell. No leakage of the PTM was observed with the use of customised




One diamond anvil cell and one collimator were developed in this project for high-pressure X-
ray diffraction research. Both instruments were constructed using rapid prototyping technology,
which overcomes the design and machining constrains from the conventional machining meth-
ods. Aside from these two instruments, a piston cylinder cell with an electrical feed through
has been constructed for high-pressure inelastic neutron scattering research.
132
Summary
This thesis presents several instrumentations for high-pressure research using novel engineer-
ing modelling and manufacturing techniques. Firstly, a novel diamond anvil cell for XRD
experiments at low temperatures has been constructed using micro laser sintering technique.
As one of the 3D printing processes, MLS provides an extraordinary freedom and high process
precision for the high-pressure cell design and construction. And it enables the construction of
customized buttress thread with small dimensions, which helps the better alignment of the dia-
mond anvils and the further miniaturization of the DAC. Furthermore, the customized buttress
thread with small dimensions cannot be approached using conventional machining methods.
Besides the design freedom, MLS technique offers the material stainless steel 316L for the cell
construction with a higher tensile yield strength (675 MPa) than the strength of the wrought
type (220 MPa), and a higher pressure generation in the cell can benefit from the material with
stronger mechanical properties. In order to have insight into the stress behaviour in the the
customized buttress thread, finite element analysis has been applied during the cell design.
FEA is an important method to simulate the mechanical behaviours in cell parts, predict the
failure in components and optimize high-pressure cell designs. Due to the advantages of MLS
technique and FEA simulation, the DAC has been constructed with dimensions about 9 mm
in diameter and 7 mm in height, giving it both small dimensions and low thermal mass, and it
will fit into the cooling envelope of a standard CryostreamTM cooling system. It can be fully
enclosed by the cryogenic flows and the frost forming on the optic windows of the cell can be
totally prevented, which increases the data quality of XRD experiments. The cell is capable of
reaching pressures of up to 15 GPa with 600 µm diameter culets of diamond anvils, based on
the principle of massive support. This cell is the first application of 3D metal printing process
on the construction of high-pressure cells. It opens up a new realm and breaks the constrains
of high-pressure apparatus design from the conventional machining methods. MLS, as well as
other rapid prototyping techniques will be of increasing importance in high-pressure research,
as the demand for customization, miniaturization and strengthening of the high-pressure cell is
growing.
Further to the DAC development for high-pressure XRD studies, a 2-dimensional multi-
channel collimator has been designed and constructed using selective laser melting tech-
nique, which is one of the 3D metal printing techniques, for high-pressure synchrotron XRD
research in DAC environment. This is the first 2D multi-channel collimator for high-pressure
synchrotron XRD research in DAC environment. The construction of the 2D MCC is attainable
due to the advantages of 3D printing techniques, which enables the realization of the 2D MCC
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component with maximum geometric freedom. The material for constructing the 2D MCC is
selected as tungsten, which has a high density and high absorption coefficient to X-rays. In
comparison with 1D MCCs, which are widely used for extreme condition beamlines at syn-
chrotron radiation facilities, the 2D MCC has the advantage of blocking Compton scatterings
from the diamond anvils in two dimensions and therefore significantly improving the signal-
to-noise ratio. In order to simulate the performance of the 2D MCC, a mathematic model has
been developed in this thesis to evaluate the signal-to-noise ratio with the use of the collima-
tor, by calculating the solid angle integration across the defined diffraction volumes. Based on
the mathematic model and the numerical integration method, a series of simulations have been
conducted to clarify the influences of the key parameters on the performance of the collimator
and determine the optimum solution for the multi-channel collimator design.
In addition to high-pressure XRD studies, a piston cylinder cell with an electrical feed-
through has been developed for high-pressure inelastic neutron scattering research, which can
be used to obtain further information about the materials under pressures, such as the magnetic
property. The design of the electrical feed-through allows the use of the manganin pressure
gauge, which enables the pressure measurement in the sample volume continuously and in situ
during the cell loading. The manganin pressure gauge shows excellent accuracy of pressure
measurements at both room and low temperatures under the pressure of 3 GPa. And this pres-
sure measurement method is convenient to secure time during experiments rather than the use
of transitions. The sample volume of the cell can be as large as 400 mm3. A neck shape was
designed for the cell body to reduce the thickness of the cell material at the sample position,
so that the data quality of the neutron scattering can be improved. The main cell parts were
built from fully hardened BeCu with the tensile strength of 1.4 GPa and the low absorption of
neutrons. Using the FEA method, the stress behaviours in the cell parts have been simulated
prior to the construction of the cell. The maximum pressure of 1 GPa, measured using the
manganin pressure gauge has been achieved safely in the pressure tests, with the application of
proper sealing mechanisms for both the plug and the piston end of the cell.
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Chapter 9
Conclusions and Future Developments
This chapter presents the discussions of the results and the conclusions of the researches in this
thesis. Two high-pressure cells and one collimator have been successfully developed to over-
come the lack of existing instruments. Future developments of the high-pressure instruments
are outlined, following the results and conclusions of this project.
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9.1 Conclusions
In this thesis, there are two high-pressure cells and a 2D collimator were developed for high-
pressure research using FEA modelling and additive manufacturing techniques. These state
of the art techniques are used to optimize the design of the high-pressure cells, improve the
data quality from high-pressure experiments and achieve the construction of the high-pressure
instruments for required geometries and mechanical properties. The combination of these novel
techniques breaks the limits of high-pressure instrument developments and brings new methods
and instruments to researchers in the field of extreme condition science.
The diamond anvil cell developed in this thesis is the first application of the 3D metal printing
technique on the construction of the high-pressure cell. The use of the micro selective laser
sintering technique enables the precise forming of the customized buttress threads, which im-
prove the alignment conditions of the opposed diamond anvils and the axial loading capacity
of the cell. Also, due to the microstructure refinements of the materials by the MLS process,
the tensile strength of the stainless steel 316L is almost 3 times of the value of the wrought
316L. As a result of the use of optimized buttress threads and the novel MLS material 316L,
the overall dimensions of the DAC is miniaturized to be fitted into the commercially available
diffractometers and open-flow cryogenic equipment, in order to collect data at low tempera-
ture and high pressure. Open-flow cryogenic equipment is practically extremely convenient
and very commonly available, but it has limited volume or cooling power compared to closed
cryostats. Since the miniature cell can be closed by the cryogenic flow and the concentric dry
shield flow, the XRD data quality from the pressurized sample is improved, because of no frost
forming on the optic windows of the cell, and low temperature equilibrium of the sample can
be achieved more efficiently. These advantages of the 3D-DAC help researchers overcome the
difficulties from dealing with the data noise due to the frost and reduce the low temperature
equilibrium time due to the low thermal mass of the cell, when they are doing the high-pressure
low-temperature XRD experiments with the use of the open-flow cryogenic equipment. Apart
from the MLS technique, FEA modelling also shows its advantages in stress analysis of the
DAC components, optimizing the design of the custom buttress thread, and predicting the crit-
ical load for the DAC. The use of the rapid prototyping techniques and the FEA methods in the
development of the first 3D metal printed DAC breaks the design and process limits imposed by
the conventional manufacturing methods and therefore, opens a new realm for the instrument
researchers to develope more novel and custom high-pressure cells for specific experimental
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requirements.
Besides the DAC, the rapid prototyping techniques are also used in the development of the 2D
multi-channel collimator. This is the first 2D collimator for high-pressure synchrotron XRD
studies in the DAC environment. In comparison with the existing 1D MCC, the 2D MCC
can block more Compton scatterings from the diamond anvils and pressure medium in 2 di-
mensions, and therefore, can significantly improve the signal-to-noise ratio of the synchrotron
XRD data. This is of high importance for high-pressure researches where the sample volume
is quite limited in the DAC environments and the scatterings from samples are week, such as
the single crystals and glasses of low-Z element materials. The use of the 2D MCC improves
the synchrotron XRD data quality and decreases the experimental time, due to the increased
signal-to noise ratio of the scatterings. Also, it improves the overall service efficiency of the
Synchrotron radiation beamlines. Furthermore, it makes the high-pressure XRD research on the
low-Z element materials possible. It can allow the XRD data from the low-Z element materials
to be measured above the background noise from the diamond anvils and the PTM, although
the XRD signals of the low-Z elements are very weak due to their low density of electron
clouds. The use of the selective laser melting technique enables the successful construction of
the tungsten 2D MCC, with an array of designed channels. Tungsten has a high absorption co-
efficient to X-rays, while it is quite hard to be machined using the conventional manufacturing
techniques, especially for machining complex geometries, such as the 2D MCC channels with
high length-to-diameter ratios (over 100). The relationships between the performance of the 2D
MCC and the key parameters of the channels are revealed by a series of simulations based on
the established mathematic model in this thesis. These results can be used as the guidances on
similar type 2D MCC designs for other extreme condition beamlines at synchrotron radiation
facilities, with specific design or setup requirements. The 3D printing technique makes the de-
velopments of the customized 2D MCC achievable, quick and inexpensive. 2D MCCs, which
can improve the data quality better than the existing 1D MCC, will be the next generation of
the collimator design for high-pressure synchrotron XRD research.
The development of piston cylinder cell in this thesis is for the in-situ pressure measurements
during inelastic neutron scattering experiments. The design of the electrical feed-through plug
allows the use of the manganin pressure gauge, which enables the in-situ pressure measure-
ments during the cell loading and the neutron scattering experiments. It is a much convenient
way to measure the sample pressure in a wide and continuous range of temperatures and pres-
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sures, compared with the use of transitions, which only occur at specific conditions and are
not always easy to be measured. The realization of the in-situ pressure measurements in the
piston cylinder cells saves plenty of time during the cell loading and the neutron scattering
experiments, and this is important since the neutron sources are quite expensive and scarce.
Apart from the use of the manganin gauge, the copper wires through the electrical plug also
show the potential electrical measurement capacity for the samples under pressures. It is able
to perform the high-pressure electrical measurements and the high-pressure neutron scattering
studies on the same sample, in the same cell and under the same load. The effects on the data,
from different loading processes, different sample batches and even different orientations of the
samples in the cells, can be completely eliminated due to the advantages of the synchronous
data measurements of the electrical properties and the neutron scattering of the samples.
The applications of state of the art engineering modelling and manufacturing techniques break
the limits of the designs and the constructions of the high-pressure instruments, imposed by
conventional methods. A bridge is established between the advanced engineering techniques
and the instrumentation requirements of the high-pressure science. The cutting-edge techniques
introduced in this thesis provide new ideas and tools for researchers to develope more novel
and customized high-pressure instruments, with optimum designs, significantly improved per-
formances and other irreplaceable advantages.
9.2 Future developments
The use of state of the art engineering techniques opens a new field for the instrument re-
searchers to develope novel high-pressure instruments. Following the findings obtained in this
thesis, there are a variety of further developments can be concerned based on the applications
of the 3D printing and FEA modelling techniques.
• Further optimization of high-pressure cells
There are various types of high-pressure cells for different research purposes. However, the
design of the cells are not always optimum and some material of the cell parts may be redundant.
The optimization of the cell design is particularly important in the miniaturization process of
the cells, in order to minimize the dimensions and materials of the parts while improve the
load capacity of the cells as much as possible. During the optimization of the high-pressure
cells with the use of FEA modelling, a design index, called specific load, can be introduced to
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evaluate the performance of the cells. The specific load of the cell f can be defined as:
f = F/m (9.1)
where the F is the maximum force can be applied on the cell, and the m is the overall mass of
the cell. For the same material, a higher specific load f means the higher pressure limit that the
cell can achieve with minimum material used for the cell construction. Then, the data quality
can be improved due to the reduced background noise from the cell body materials during the
experiments. This design index can be further studied in depth and used in future cell design as
an evaluation criterion of the high-pressure cell optimization.
• AM techniques for high-pressure instrument developments
In this thesis, AM technique has been proved to be a unique and effective method for the pre-
cise construction of the high-pressure cell with miniature and custom-designed features as well
as the construction of the 2D collimator with the complex geometry. However, the available
materials for AM process are currently somewhat restrictive. As discussed in Chapter 2, there
are some materials which are particularly preferred for use in the constructions of high-pressure
cells, such as pure beryllium, which causes a low background in XRD experiments as well as
BeCu, CuTi and NiCrAl alloys, which have low magnetic susceptibilities and high mechanical
strengths, are ideal for building high-pressure cells, which are used in magnetic measurements.
However, these materials are not currently available for AM processing. The use of AM tech-
nique for high-pressure instrument constructions will be highly popularized if these materials
can be developed successfully and become available for AM processes, and we are aware of
such experimental work.
Besides the developments of new AM materials for high-pressure instrument constructions, the
physical and mechanical properties of the AM materials should also be studied. As shown
in Chapter 5, the tensile strength of the MLS stainless steel 316L is significantly improved
due to the microstructure refinements by the MLS process [70]. For the new developed MLS
materials, such as pure beryllium, BeCu, CuTi and NiCrAl, their physical and mechanical
properties should be investigated and compared with the materials processed by conventional
methods. The improvements of the mechanical strengths and the reductions of the background
noise from these MLS cell materials can be expected in future.
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In addition, with the future development of the AM machines, an improved construction preci-
sion and a better surface roughness of the parts can be achieved. Then, the further geometric
optimization and customization of the high pressure instruments can be conducted with the
improved AM techniques.
• Further investigation of the 2D MCC designs and performances
The overall design of the 2D MCC and the key parameters of the channels have been discussed
in this thesis (see Chapter 6). The influences of the key parameters of the channels on the
signal-to-noise ratio of the device have been fully investigated and therefore, these results can
be used as the guidance for other 2D MCC designs. However, there are still some other factors
which might have some influence on the performance of the 2D MCC and need to be further
studied, such as the arrangement of the channels in the collimator, the traverse and axial cross-
sectional shape of the channels and the roughness of the inner walls of the channels. These
factors may have some effects on the brilliance of the channels, the collimation performance of
the sample signals and the secondary scatterings from the 2D MCC.
A mathematic model has been built based on the integration of the solid angles through the
channels from the sample and surrounding materials, in order to simulate the signal-to-noise
ratio of the 2D MCC. In future works, Monte-Carlo ray tracing simulations can be used as
another method to estimate the performance of the 2D MCC [44]. The combination of these
two methods can help researcher get better understanding of the properties and behaviours of
2D MCCs.
• Further improvement of the pressure limit in the piston cylinder cell
The pressure limit of the large volume piston cylinder cell demonstrated in this thesis is 1.2
GPa. This value can be improved further by the use of stronger material, such as NiCrAl for
the cell body construction. Another way to improve the pressure limit of the cell is to modify
the cylinder part into the multilayer cylinder. The contact stresses in the cylinder part can be
generated by the reasonable interferences between the cylinder layers, and it allows a higher
pressure limit in the sample volume. In this case, FEA modelling will be a powerful tool
to simulate the stress states of the cylindrical layers, optimize the interference value between
the layers, and predict the pressure limit of the designs. However, due to the increase of the
pressure limit, the sealing mechanisms of the PTM should be revised and maybe modified to
be compatible with higher pressure limits.
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Engineering Drawings of the 3D-DAC
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1 3D-DAC Body 1
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Figure A.1: The assemble drawing of 3D printed diamond anvil cell (3D-DAC).
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Figure A.2: The drawing of the 3D-DAC body.
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Figure A.3: The drawing of the 3D-DAC nut.
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Figure A.4: The drawing of the 3D-DAC seat.
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Appendix B
Engineering Drawings of the Piston
Cylinder Cell
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Figure B.1: The assemble drawing of the piston cylinder cell.
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Figure B.2: The drawing of the cell body.
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Figure B.3: The drawing of the piston.
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Figure B.4: The drawing of the closing nut.
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Engineering Drawings of the Piston Cylinder Cell

























































































































































































































































Figure B.5: The drawing of the plug.
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Figure B.6: The drawing of the closing screw.
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Figure B.7: The drawing of the cone for the manganin pressure gauge.
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Figure B.8: The drawing of the cover for the manganin pressure gauge.
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Figure B.9: The drawing of the copper seal at the piston end.
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Figure B.10: The drawing of the C-clamp.
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Figure B.11: The drawing of the copper sealing washer at the plug end.
157
Appendix C
MLS Stainless Steel 316L Data Sheets:
Chemical Composition & Tensile Tests











Table C.1: The chemical composition of stainless steel 316L from 3D Micro Print [91].
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anvil cell for x-ray diffraction at cryogenic temperatures manufactured by 3D printing,”
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